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A recent increase in hurricane activity has put coastal populations at risk. To 
better understand hurricane activity, it is necessary to look beyond the modern 
instrumental record, using proxy records to establish modes of past variability. The utility 
of a newly developed tree-ring oxygen isotope proxy is further assessed. I present oxygen 
isotope time series from three sites: Francis Marion and Sandy Island, South Carolina and 
Eglin Air Force Base, Florida. Proxy results are verified against the instrumental record 
of hurricane occurrence. The sites record similar percentages (45% for Francis Marion 
and Sandy Island, 63% for Eglin Air Force Base) of hurricanes that tracked within 200 
km of the sites. Potential reasons for missing storms include initial storm water 
composition, lack of precipitation, or drought. 
 In Florida, a longer record was developed (1710–1950). For the period 1850–
1950, the proxy captured 24% of hurricane events. This decrease is similar to the 
Valdosta, Georgia study and is attributed to changes in the Pacific Decadal Oscillation. 
At both sites, during cool phase PDO, the number of storms recorded by the proxy 
increases, but the percentage of activity recorded decreases. The identification of periods 
(1710– 1720, 1760–1780, 1810–1830, and 1840–1850) of multiple negative anomalies 
inferred to be hurricane events at both sites provide evidence for short increases in 
hurricane activity that match to periods of increased activity in the Caribbean and the 
Lesser Antilles. The data show that hurricane activity fluctuates over time and do not 
support an increasing trend in hurricane frequency.  
   
 v 
Spectral and wavelet analysis of the oxygen isotope time series from these sites 
reveal frequencies similar to the Quasi-biennial Oscillation, the El-Niño Southern 
Oscillation, and the North Atlantic Oscillation. Major shifts in the oxygen isotope data in 
the 1960s in both Florida and South Carolina are concurrent with climate shifts observed 
globally that are linked to the Atlantic Multi-decadal Oscillation and/or the Pacific 
Decadal Oscillation. Spectral analysis of the Florida time series also reveals 11 and 22–
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In recent decades, both tropical cyclone activity and coastal populations have 
increased, creating the potential for large-scale societal calamity. Hurricanes are the most 
devastating and costly natural disaster faced by the United States, yet long-term trends 
and variability in their occurrence are still poorly understood. Instrumental records of 
hurricanes are incomplete and fragmentary prior to about1900. Historical (documentary) 
archives allow reconstruction of tropical cyclone activity to the mid-1700s in selected 
areas (Jarvinen, et al., 1984; Sandrik and Landsea, 2003; Chenoweth, 2006; Mock, 2004), 
but, in general, these records are limited both temporally and spatially. Thus, in the 
absence of direct measurement or observation, it is difficult to observe trends, 
fluctuations, and causal factors of tropical cyclone activity. It is, therefore, vital to 
develop proxies to characterize long-term trends in hurricane activity that extend beyond 
the historic documentary record.   
Direct measurement records of tropical cyclone activity include modern 
instrumental measurements that cover the past 60 years, Atlantic hurricane databases that 
extend back to 1851 (HURDAT and UNISYS), and historical records (newspapers, ship 
logs, plantation diaries) that are variable in length and geography (Sandrik and Landsea, 
2003; Chenoweth, 2006; Mock, 2004). The field of paleotempestology examines archives 
for hurricane occurrence such as coastal pond sediments (Liu and Fearn, 1993; Collins et 
al., 1999; Liu and Fearn, 2000; Liu, K.B., 2004), beach-ridge deposits (Nott and Hayne, 
2001; Nott, 2006), tree-ring width studies (Pillow, 1931; Manabe and Kawkatsu, 1968; 
Johnson and Young, 1992; Doyle and Gorhmam, 1996; Reams et al., 1996; Rodgers et 
al., 2006), and isotopic compositions from tree-ring (Miller, 2005; Miller et al., 2006), 
and speleothem (Frappier et al., 2007; Nott et al., 2007). Research on coastal pond 
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sediments have focused on the last 6000 years by examining millennial scale changes in 
the occurrence of large (> Category 3) tropical cyclones (Liu and Fearn, 1993; Collins et 
al., 1999; Liu and Fearn, 2000; Liu, K.B., 2004). Similarly, beach-ridge deposits record 
tropical cyclone-generated wave activity over the past 6000 years, recording events at the 
50–100 year scale. Both coastal pond-sediments and beach ridge deposits must be 
radiocarbon dated and provide information on multi-decadal, centennial or millennial 
timescales. The speleothem oxygen isotope proxy may have very high resolution, 
however, speleothem studies typically rely on uranium series dating and assume growth 
rates between dated points to provide temporal control (Edwards et al., 1986). Since 
growth rates may not be constant between points, this method may lack true temporal 
control. Tree-rings have seasonal resolution and can be precisely dated in time using 
cross-dating, providing the potential to record fine-scale (decadal to multi-decadal) 
variations in tropical cyclone activity.  
Therefore, to identify decadal and multi-decadal scale flucuations of tropical 
cyclone activity, researchers turn to indirect measurements of activity such as 
speleothems and tree rings. Of all the current methods, tree-ring proxies provide the 
greatest temporal resolution and control. Therefore, we have chosen to reconstruct sub-
annual tropical cyclone events using oxygen isotopes preserved in tree-ring α-cellulose. 
This technique will expand the multiple proxy approach we believe is key to examining 
tropical cyclone activity beyond instrumental and historical records.  
Tree-ring proxies are unique because of their high temporal resolution and exact 
placement in time (Fritts, 1976). Oxygen isotope compositions of tree-ring α-cellulose 
have proved to be a reliable proxy for reconstructing temperature and precipitation 
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(Sternberg, 1989; Sauer et al., 1997; Robertson et al., 2001; Anderson et al., 2002). 
Recent research in southern Georgia has expanded its utility as a proxy for recording 
hurricane activity, drought, and long-term variations in seasonality and/or source of 
precipitation (Miller et al., 2006). This recent research focused on a single site near 
Valdosta, Georgia. Therefore, it is important to evaluate the tree-ring isotope proxy at 
different sites where hurricane activity, soil type, seasonality, long-term climate, and 
moisture source may differ.  
1.1 Dendrochronology 
 Dendrochronology uses tree rings dated to their exact year of formation to 
examine various spatial and temporal processes (Fritts, 1976). It is defined by certain 
principles and concepts, including the principle of uniformitarianism, the principle of 
limiting factors, the concept of ecological amplitude, site selection, sensitivity, 
crossdating, repetition, and standardization (Fritts, 1976). The most important of these is 
the principle of crossdating, which matches tree-ring patterns among trees and wood 
fragments in a given year (Fritts, 1976). Crossdating allows the identification of the exact 
year in which the tree ring was formed, thereby assigning a calendar year to any given 
ring (Fritts, 1976). Tree-ring patterns are produced, generally, in response to fluctuations 
in climate variables, such as precipitation, temperature, or a combination of both. 
 Using the methods of crossdating, long chronologies can be constructed for 
particular regions using living trees, dead (downed) trees, stumps, and cultural building 
materials. For North America, chronologies have been developed using Abies and Pinus 
(fir and pine) that date to about 300 BC, western United States chronologies of Pinus 
longaeva (bristlecone pine) extend back over 8400 years (Ferguson, 1969; Ferguson, 
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1970), and Taxodium distichum (bald cypress) in the Southeastern United States are 
>1000 years old (Stahle et al., 1985, 1988, 1998). Centennial scale Pinus palustris Mill. 
(longleaf pine) chronologies have also been developed for the coastal plain of the 
Southeastern United States and have been used to reconstruct long-term records of 
precipitation, temperature and other climate parameters (Grissino-Mayer et al., 2001; 
Henderson, 2006).  
1.2 Dendrochemistry 
 Dendrochronology began as a science that used the variability in ring width for 
various research applications. Today, the science has expanded to include chemical 
differences within tree rings (Leavitt, 1987; Lipp et al., 1996; Saurer et al., 1997; Roden 
et al., 2000; Anderson et al., 2002; McCarroll and Loader, 2004). These differences can 
record various environmental conditions to which a tree was exposed during growth. The 
chemistry of tree rings can be divided into two main areas of research:  isotopic 
compositions and trace element compositions. For this research, we are only concerned 
with the stable isotopic composition of the tree rings.   
 Currently, stable isotopes of the three main elements of wood (carbon, oxygen, 
and hydrogen) are being used to reconstruct various climate parameters (Leavitt, 1987; 
Lipp et al., 1996; Saurer et al., 1997; Roden et al., 2000). Carbon has two stable isotopes, 
12C and 13C, oxygen has three stable isotopes, 16O, 17O, 18O and, and hydrogen has two, 1H 
and 2H (or D, Deuterium). The isotope ratio is expressed in units of per mil, where 
notation of δ = ((Rsample / Rstandard) – 1) x 1000, where Rsample represents 13C/12C, 18O/16O, and 
D/H measured against the ratios of some known isotopic standard. Differences in mass 
among these stable isotopes allows for physical, chemical, and biological processes to 
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discriminate against one of the isotopes, imparting an environmental signal on the 
isotopic ratio (McCarroll and Loader, 2004). 
 The work presented here, primarily focuses on the stable isotopes of oxygen. 
Factors that control variation in the oxygen isotope composition of tree-ring α-cellulose 
include biophysiological fractionations and environmental controls, including the amount 
and composition of precipitation, temperature, and relative humidity (Epstein and Yapp, 
1977; Sternberg, 1989; Lipp et al., 1996; Saurer et al., 1997; Anderson et al., 2002). 
While temperature has an effect on the source water isotopic composition, studies have 
shown that little to no temperature dependence affects the net biological fractionation 
recorded in tree rings (Roden and Ehleringer, 2000). Therefore, the predominant 
environmental factors that affect the oxygen isotopic composition of tree-ring α-cellulose 
are precipitation and relative humidity.   
 No isotopic fractionation occurs associated with the initial uptake from soil water 
to roots. However, several biophysiological isotopic fractionations affect the oxygen 
isotopes of water being used to produce cellulose. The basic isotopic fractionations that 
occur during the production of tree-ring α-cellulose have been recently modeled (Roden 
et al., 2000, Anderson et al., 2002) and integrate the following: 1) the composition of the 
source water, including soil water and precipitation; 2) carbonyl-water interactions during 
biosynthesis; 3) leaf water evaporative enrichment; and 4) sucrose-xylem water exchange 
(Figure 1.1). While these factors must be quantified in order to use the tree-ring δ18O 
values to determine source precipitation, they become less important when examining a 
time series of relative changes in isotopic composition for a single individual or species 
at a given site, which will dominantly reflect variations of source water. 
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Figure 1.1-The controlling factors of oxygen isotopes in tree-ring α-cellulose include 
biophysiological fractionations and environmental controls, including the amount and 
composition of precipitation, temperature, and relative humidity (Figure modified from 
Roden and Ehleringer, 2000). 
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1.3 Hurricane Formation 
 The National Hurricane Center defines a hurricane as a storm that originates 
within low-pressure systems over tropical or subtropical waters with cyclonic winds, 
organized deep convection, and wind speeds > 33 m/s (National Hurricane Center, 2006). 
A tropical cyclone with maximum sustained surface winds of < 17 m/s is called a tropical 
depression. If the winds exceed speeds > 17 m/s it is called a tropical storm (National 
Hurricane Center, 2006). As winds increase over 33 m/s, the storms are considered 
hurricanes and are categorized by the Saffir Simpson Scale, with Category 1 being 
minimal strength and Category 5 being maximum strength. 
 The Atlantic hurricane season begins June 1 and runs through November 30, 
although storms can occur earlier or later. The peak of hurricane season during which 
90% of North Atlantic hurricanes develop is typically from mid-August to mid-October, 
centered on September 10 (National Hurricane Center, 2006). Throughout hurricane 
season, the majority of tropical cyclones begin as tropical waves (or easterly waves, areas 
of relatively low pressure moving west) that originate off the African coast or from 
disturbances (area of small low pressure) in the Caribbean Sea (Elsner and Kara, 1999; 
DeMaria et al., 2001). These tropical waves and disturbances develop in the “Main 
Development Region” (MDR) located between 10 °N to 20 °N. Tropical cyclones that 
are formed or enhanced by baroclinic (dependent on both temperature and pressure) are 
termed baroclinically enhanced tropical cyclones or hurricanes. These typically represent 
a smaller proportion of tropical cyclone activity and typically form north of the MDR at 
about 25 °N (Goldenberg and Shapiro, 1996). 
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The most important factors that affect hurricane formation are either local or 
remote in scale. Local factors include sea surface temperatures (SSTs) and vertical wind 
shear (VWS), with shear being the most significant local factor (Goldenberg et al., 2001). 
Tropical cyclone formation is favored by low VWS and SSTs of at least 26.5 °C to a  
depth of 50–60m (Gray, 1968). Remote factors that are correlated to and may influence 
hurricane formation (listed here, described below) include sea level pressure (SLP), 
June–September rainfall in the western African Sahel, the Quasi-Biennial Oscillation 
(QBO), the El Niño Southern Oscillation (ENSO), the North Atlantic Oscillation (NAO), 
the Atlantic Multidecadal Oscillation (AMO), and the Pacific Decadal Oscillation (PDO) 
(Elsner and Kara, 1999). 
In the Atlantic Basin, if SLP is below (above) normal, the hurricane season will 
be more (less) active. The western African Sahel is the major source area for 
convectively active tropical waves. In years with more precipitation, a general increase in 
hurricane activity is observed; in drier years, hurricane activity is less. Hurricane 
formation shows statistical relationships to QBO and ENSO (Gray, 1984; Shapiro, 1989; 
Elsner et al., 1999), while hurricane track shows relationships with NAO (Elsner et al., 
2000; Elsner, 2003). The annual frequency of hurricane activity appears to be modulated 
on biennial (QBO), semi-decadal (ENSO) and near-decadal timescales (Elsner et al. 
1999). These forces act differently on tropical-only (more influenced by QBO and 
ENSO) versus baroclinically-enhanced (BE) (7–9 year, possibly solar forcing) tropical 
cyclones (Elsner, 2003).  
The QBO is an east-west oscillation of stratospheric winds that encircle the globe 
near the equator. During the west (east) phase, tropical hurricane activity is generally 
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increased (decreased) (Gray, 1984; Shapiro, 1989). ENSO is an ocean-atmospheric 
teleconnection system that fluctuates on timescales from 3–5 years. It occurs throughout 
the tropical Pacific, but it influences the MDR through upper-level flow. Tropical only 
hurricane activity (mainly formed in MDR) is reduced during El Niño and enhanced 
during La Niña years (Elsner and Kara, 1999). The statistical relationships of these 
oscillations to BE hurricanes (mainly formed outside MDR) are much weaker and may be 
quite different. For example, warm ENSO phases feature a slight increase in BE 
hurricanes (Elsner and Kara, 1999). 
The NAO is a sea-level pressure (SLP) phenomenon between the Icelandic Low 
and Azores High that controls westerly winds in the North Atlantic. A negative NAO 
corresponds to an increase in SLP over Iceland, weaker westerly winds, and a tendency 
for greater major (Category 3 or higher) hurricane activity (Elsner et al., 2000). A 
positive NAO corresponds to a decrease in SLP over Iceland, stronger westerlies, and 
typically, less major hurricane activity (Elsner et al., 2000). A study that examined 
influences on hurricane track found that the NAO has an influence on hurricane paths. 
Specifically, hurricanes are more likely to strike the Gulf coast when the NAO is negative 
(Elsner, 2000). Greater recurvature, with landfalls along the east coast, are more typical 
when the NAO is in a positive phase (Elsner, 2000).  
The AMO is a sea-surface temperature (SST) phenomenon that fluctuates  
about 0.4 ˚C in low frequency oscillations (65–80 years). The primary cause of the SST 
oscillation is linked to ocean-atmosphere interactions that affect Atlantic circulation and 
heat transport (Delworth and Mann, 2000). Two primary phases can occur: warm, 
observed in the periods 1860–1880 and 1940–1960 and cool, observed in the periods 
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1905–1925 and 1970–1990. A warm phase began in 1995, which saw a major upswing in 
the number of intense hurricanes. The number of intense hurricanes may tend to increase 
(and can almost double) during warm AMO phases, but the overall numbers of tropical 
cyclones per year remains about the same (Delworth and Mann, 2000). Recent research 
has suggested that the upswing in hurricane activity since 1995 has been caused by the 
change from a cool to warm phase of the AMO in 1995 (Goldenberg et al., 2001).  
The PDO is also a SST phenomenon, with cool and warm modes that oscillate at 
two different scales: 15–25 years and 50–70 years. The positive (warm) phase of the 
PDO is characterized by a cool North Pacific and warm SSTs along the Pacific Coast; 
warm phases have occurred from 1925–1946 and 1977 to around 1995 (Minobe, 1997; 
Hare and Mantua, 2000; Mantua and Hare, 2002). The negative (cool) phase of the PDO 
is characterized by a warm North Pacific and cool SSTs along the Pacific Coast; cool 
phases have occurred from 1890–1924 and 1947–1976 (Minobe, 1997; Hare and Mantua, 
2000; Mantua and Hare, 2002). PDO may be either a form of ENSO or may modulate 
ENSO (PDO warm phase, El Niño dominates; PDO cool phase, La Niña dominates). In 
this way, PDO may also influence hurricane intensity in a manner similar to ENSO.  
1.4 Stable Isotopes in Meteoric Water 
 Water molecules have nine naturally occurring isotopic configurations, but are 
primarily composed of H216O, H218O or HDO, each with different masses that contribute 
to differing physiochemical properties. When isotopes are separated due to these 
differences, isotope fractionation occurs (Hoefs, 1997). Meteoric water is defined as 
water that originates from precipitation (rain, snow, sleet or hail) and is found in soil 
water, groundwater, lakes, rivers and streams.  
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The primary control on the isotopic composition of precipitation is the fraction of 
water vapor remaining in the air mass (Dansgaard, 1964). The fractionation between 
liquid water and water vapor is largely a function of temperature. In evaporation-
condensation processes (such as cloud formation), HDO and H218O condense more 
readily than H216O. These processes are considered to be in an open-system and follow 
Rayleigh isotopic fractionation. As a result, processes such as rainout (responsible for the 
amount effect, continental effect, and latitude effect) lead to depletions in HDO and 
H218O, with respect to the initial cloud precipitation values (Dansgaard, 1964).  
 Water thus carries an isotopic composition that is a strong indicator of both source 
and process. The oxygen isotope composition of water can range from 0 ‰ in seawater to 
–20 to – 50 ‰ at the poles (Hoefs, 1997). Because water is used to create many natural 
archives (ice cores, tree rings, speleothems), oxygen isotope use spans many scientific 
disciplines, including hydrology, climatology (paleoclimatology), ecology, forensics, and 
others. The focus of this dissertation is a record of precipitation recorded in the oxygen 
isotopes of tree-ring cellulose.  
1.5 The hurricane proxy record in tree-ring oxygen isotopes 
Tropical cyclones are dynamic systems that act like fractionation chambers for 
oxygen and hydrogen isotopes (Lawrence, 1998). Recent studies have shown that tropical 
cyclones produce precipitation that has distinctly lower oxygen isotope ratios (as much as 
10 – 20‰ lower) than other precipitation and near surface waters (Gedzelman and 
Lawrence, 1982; Gedzelman and Arnold, 1994; Lawrence and Gedzelman, 1996; 
Lawrence, 1998; Gedzelaman et al., 2003). These studies analyzed meteoric water from 
hundreds of regular thunderstorms and tropical cyclones that hit near Houston, Texas, 
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including three hurricanes, Gilbert in 1988, Luis in 1995, Opal in 1995, and five tropical 
storms, Jerry in 1989, Chantal in 1989, Alison in 1989, Arlene in 1993, and Dean in 1995 
(Table 1.1). The results suggested that two distinct populations of oxygen isotopes 
produced by storms: regular summer rains with δ18O values that range from –6 ‰ to 0 ‰ 
and tropical cyclone rainfall that is usually < – 6 ‰. The range of δ18O values for the 
tropical cyclones range from –12 ‰ to –1.7 ‰, both seen in Hurricane Opal; however, 
Chantal had values as low as –11.6 ‰ (Table 1.1). Based on these results, the authors 
suggested that no relationship exists between tropical cyclone intensity and low isotope 
ratios (Gedzelman and Lawrence, 1982; Gedzelman and Arnold, 1994; Lawrence and 
Gedzelman, 1996; Lawrence, 1998; Gedzelman et al., 2003).  
Tropical cyclones can organize quickly and are extremely efficient recyclers of 
precipitation. The low oxygen isotope ratios of these systems are a product of their 
meteorological history and, typically, lower oxygen isotope ratio correlates to storm 
longevity (Gedzelman et al., 1982; Lawrence and Gedzelman, 1996). Because there is a 
preference for 18O to condense, progressive depletion of 18O will occur in precipitation as 
air rises. Therefore, in an organized storm, the higher the air aloft and the thicker the 
cloud system, the more depleted a storm will become with respect to 18O (Gedzelman and 
Lawrence, 1982; Gedzelman and Arnold, 1994; Lawrence and Gedzelman, 1996; 
Lawrence, 1998; Gedzelman et al., 2003).  
These studies also found patterns associated with low isotope ratios within the 
hurricane. In the majority of the tropical cyclones studied, a radial gradient in oxygen 
isotope ratios was observed, decreasing toward the eye, with the lowest values located 
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Table 1.1-The δ18O of precipitation from tropical cyclone precipitation collected near 
Houston, Texas. Table created from data in Lawrence and Gedzelman (1996) and 







Range of δ18O 
(‰) 
 
   
1988 Hurricane Gilbert –3.9 to –10.5 
1989 Tropical Storm Jerry –9.1 
1989 Tropical Storm Chantal –8.7 to –11.6 
1989 Tropical Storm Alison –9.1 to –10.8 
1993 Tropical Storm Arlene –7.6 to –14.3 
1995 Tropical Storm Dean –2.7 to –8.8 
1995 Hurricane Luis 0 to –8.8 
1995 Hurricane Opal –1.7 to –12.0 
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within the inner edge of eye wall (Figure 1.2) (Gedzelman et al., 2003). Researchers 
attribute this to recycling of water and diffusive isotopic exchange of inflowing vapor 
with precipitation. It was also noted that oxygen isotope values are typically lower to the 
northwest of landfall (Lawrence et al., 1998) and are often higher in the eyewall 
(Gedzelman et al., 2003). The higher isotope ratios in the eyewall are attributed to 
entrainment of isotopically heavy sea spray.  
The oxygen isotope signal in precipitation will be imparted to soil water and 
(eventually) the tree during a tropical cyclone. However, this is dependent on several 
factors, such as the size of the storm, stage of development, the distance from its eye, 
amount of precipitation, and preexisting soil moisture conditions. Large precipitation 
events are have been shown to almost completely replace or mix with soil water (Tang 
and Feng, 2001), and isotopic depletions of soil water associated with tropical cyclone 
precipitation can remain in soil water for up to six weeks (Lawrence and Gedzelman, 
1996; Lawrence 1998).  
Annual tree rings include earlywood, the portion of the ring that represents early 
season growth and has a relatively open cell structure, and latewood, the portion of the 
ring that represents growth later in the season, with a more densely packed cell structure.  
Hurricane season typically runs from August to November, which is coincident with the 
latewood-growing season of most conifers in the Southeastern United States (Lodewick, 
1930). Since the predominant controls on the oxygen isotopic composition of tree-ring α-
cellulose are precipitation and humidity, and tropical cyclones may act to alter the oxygen 
isotopic composition of precipitation, we hypothesize, that by separately analyzing the 
earlywood and latewood α-cellulose fractions of an annual tree ring, tropical cyclone 
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Figure 1.2-Cross-sectional diagram of tropical cyclone. Low isotope ratios of oxygen in 
tropical cyclones are spatially distinct and are primarily related to precipitation efficiency 
and diffusive isotope exchange between falling rain and ambient vapor. Depletion of 18O 
occurs as you move from the outer rain bands in towards the eye. Factors that influence 
the low oxygen isotope ratios in tropical cyclones include longevity, size, and 
precipitation efficiency. (Figure modified from NOAA, 2008). 
 17 
activity, as indicated by anomalous oxygen isotope depletions, should be most prevalent 
within the latewood portion of the ring (Miller, 2005; Miller et al., 2006).  
While it is essential that hurricane-derived precipitation be available to the tree 
through soil water, a “direct hit” on the site (i.e., eye passing directly over the site) is not 
necessary because isotopic depletions associated with hurricanes may occur up to several 
hundreds of kilometers from the eye (Lawrence and Gedzelman, 2002). In fact, a direct 
hit may bring rains or sea spray that are isotopically heavy, particularly at coastal sites. 
Hurricanes produce asymmetric patterns of precipitation (Manuel et al., 2004). 
Consequently, a site within the hurricane “rain shadow” may receive no precipitation at 
all. The oxygen isotope proxy can only provide evidence of tropical cyclones that deposit 
18O-depleted precipitation at a study site. Therefore, it is best considered positive, rather 
than negative evidence for a tropical cyclone event. 
 Previous work from inland Valdosta, Georgia includes a 227-year (1770–1997) 
seasonally resolved record of tropical cyclone and drought (Miller, 2005; Miller et al., 
2006). This work compared well with the most reliable instrumental record (1940–1997) 
and the longer proxy record is supported by instrumental and historical documents back 
to 1770 (Miller, 2005; Miller et al., 2006). At this site, the proxy captured most 
previously established hurricane events, including Hurricane Florence (1953) and a 
known period of high activity in the 1870s. It may also provide the first evidence of 
impact of the Great Hurricane of 1780, known to have hit Cuba, on the United States. 
This work also suggests a previously unidentified tropical cyclone in 1857, 
complementing subsequent, limited historical documentation. Seasonal droughts that 
result in 18O-enrichment of soil water and cellulose were also identified, including major 
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events in 1896, 1904, 1927, and 1955 (Miller, 2005). The isotope time series at Valdosta 
recorded an overprint of large-scale climate oscillations (AMO, PDO, ENSO) that were 
interpreted to reflect the dominant climate modes that influenced moisture source or 
seasonal temperature variation (Miller, 2005).   
1.6 Significance of Research 
 This research has scientific, political, and economic significance. First, the 
observational record of tropical cyclone activity is limited to modern instrumental 
records and historical archives. Recent studies have shown that the decade 1995–2005 
has seen a dramatic increase in hurricane activity. The question remains whether that 
increase in activity is related to natural multidecadal fluctuations in sea surface 
temperature, vertical wind shear, and other natural, causal mechanisms (Goldenberg et 
al., 2001) or to anthropogenic impacts driving global warming. With very limited 
instrumental records prior to about 1900, and spatially limited historical documents, it 
is difficult to discern the effects of natural, multidecadal climate variation versus 
climate change caused by global warming. Therefore, the development of a proxy for 
reconstructing hurricane frequency and their climate forcings is very important, 
allowing us to observe long-term variations on a meaningful scale.  
  Today, nearly 100 million people (US Census, 2007) live along the Atlantic and 
Gulf Coasts that are subject to tropical cyclone activity. Hurricanes rank as the most 
destructive natural disaster to impact the United States. The damage spawned by 
hurricanes from winds, storm surges, flash flooding, and tornadoes are costly with respect 
to life and property, and coastal development has driven potential losses up sharply. In 
1992, Hurricane Andrew caused more than $30 billion in damages to Florida and 
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Louisiana (Michaels et al., 1997). The 2004 and 2005 hurricane seasons were two of the 
most expensive in history, causing over $100 billion in damages, and the cost is still 
rising for the 2005 season (FEMA, 2006). Understanding hurricane frequency at any 
timescale provides the purveyors of catastrophe insurance a better assessment of the 
losses likely in the future (Michaels et al., 1997). 
For this study, two areas have been identified that are known for having high 
hurricane frequency: near Pensacola, Florida and near Charleston, South Carolina. The 
sites were chosen because: 1) longleaf pine forests are abundant, 2) they are widely 
distributed along the Southeastern Gulf and Atlantic coasts, and 3) they are typically 
impacted by hurricanes that have different areas of formation. The panhandle of Florida 
is primarily hit by hurricanes that form in the Gulf of Mexico, the Caribbean Ocean, and 
Western Atlantic, while South Carolina is mainly hit by storms that form in the Atlantic 
MDR (Figure 1.3). Here, we present oxygen isotope time series at each site, using the 
modern instrumental record to verify interpretation of the isotopic variations. Verification 
of how well the tree-ring oxygen isotopes capture the meteorologically-observed and 
measured hurricane record allows us to more confidently apply the proxy beyond the 
known record, and to better understand the constraints or limitations of these proxy 
records.  
1.7 Hypotheses and Objectives 
 The primary purpose of this study is to examine the occurrence of extreme 
climate events (tropical cyclones and droughts) captured by anomalous oxygen isotope 
values of tree-ring α-cellulose on the seasonal (or shorter) timescale, as well as decadal to 





















Figure 1.3-Figure showing 200 km radius around Francis Marion National Forest 
(FM) and Sandy Island (SI), South Carolina, Eglin Air Force Base (EAFB), Florida, 
and Valdosta, Georgia (V) (Black Rectangles). Evidence of tropical cyclones that 
track within into this area was evaluated using best track, precipitation, and isotopic 
records. The map also shows generalized tropical cyclone tracks for Atlantic and Gulf 
coast states. Note that the origination of tracks is different for storms that affect South 
Carolina and Florida.
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tropical cyclone occurrence, droughts, and large-scale climate oscillations for parts of the 
Southeastern United States.  The working hypotheses are:  
1) Tropical cyclones may produce rain that is depleted in 18O and trees use this 
precipitation (in the form of soil water) to produce wood. Therefore, the oxygen 
isotopes of tree-ring cellulose will, in part, retain the oxygen isotope signal from 
the cyclone precipitation. (Chapters 2 and 3) 
2) Droughts/moisture stress enrich soil water in 18O and increase leaf-water 
evaporation. Therefore the oxygen isotopes of tree-ring α-cellulose will retain 
isotopic evidence of a local drought. (Chapters 2, 3, and 4) 
3) Decadal to multidecadal scale climate oscillations (ENSO, PDO, AMO, NAO) 
influence the climate of the Southeastern United States by changing temperature 
and precipitation patterns. The response of tree growth to these changes will be 
recorded in the oxygen isotopes of tree-ring α-cellulose. (Chapter 4) 
4) Because oxygen isotope compositions of tree-ring α-cellulose are largely 
controlled by source water variations, the tree-ring oxygen isotope proxy is 
portable (i.e. it will work in areas with slightly different climates and with 
different soil types). (Chapter 2, 3, and 4) 
To test these hypotheses, I developed δ18O tree-ring chronologies (time series) for 
multiple sites (Francis Marion and Sandy Island, South Carolina, and Eglin Air Force 
Base, Florida) within the Southeastern United States that are affected by tropical cyclones 
and drought and which capture long-term climate effects. I compared the tree-ring 
oxygen isotope records to modern instrumental records of hurricane occurrence, drought, 
precipitation, temperature and climate oscillation indices (ENSO, PDO, AMO, NAO) to
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determine the veracity with which they capture these features. If the δ18O values of tree-
ring cellulose captured known hurricane events, droughts, and climate effects, I accepted 
my hypotheses. If the δ18O values of tree-ring cellulose did not capture these events, I 
rejected my hypotheses. To meet these objectives, this study has been organized into 
three chapters (Chapters 2– 4).  
  Chapter 2 of this dissertation examined the portability of the tree-ring oxygen 
isotope proxy along the Atlantic Coast, specifically, its application in South Carolina. 
Here, two sites in close proximity were chosen to evaluate if they recorded a similar 
record of tropical cyclone activity. The sites, one in Francis Marion National Forest and 
the other on Sandy Island (Figure 1.3), are both located within the Coastal Plain 
physiographic province. Tree-ring samples of longleaf pine were collected from the 
national forest in May 2004 and from Sandy Island in 2005 (Henderson, 2006). The 
Sandy Island site is part of a tract of old-growth longleaf pine and the chronologies 
developed there (1629–2004) were considerably longer than those at Francis Marion 
(1940–2004). 
The sites are located within different climate divisions and have different soil types. 
Francis Marion soils are from the Bayboro and Bethera Loam series, they are poorly 
drained, and have a depth to water table of less than 25 cm. The soils at Sandy Island are 
from the Lakeland Series, which are rapidly drained sands. This contrast allowed me to 
test if two sites with different substrates captured a similar record of tropical cyclone 
activity. Despite their different soil types and slightly different climate zones, the South 
Carolina study sites are only about 70 km apart and were most likely affected by the same 
tropical cyclones or tropical cyclones following similar tracks. Storms that typically 
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affect this area originate thousands of kilometers off the coast of the Southeastern U.S. 
coast, have time to develop, and take a path that skims the South Carolina coast before 
hitting North Carolina. I used these sites to determine whether greater spatial distribution 
over a given area will yield the same or a more complete record of tropical cyclone 
activity. To accomplish these goals, I examined a period of modern verification where I 
compared the instrumental hurricane record to the tree-ring oxygen isotope time series.  
South Carolina is one of the few Atlantic states where considerable historical 
documentation exists and has been quite thoroughly researched (Mock et al., 2004; 
Mock, 2004). Tropical cyclone activity in South Carolina during the 1900s was relatively 
infrequent, however, activity in the 1870s–1890s was extreme (Mock, 2004). The 
relatively inactive period during recent times has lulled people into a false sense of 
security as shown by the large growth in coastal population.  This makes development of 
tropical cyclone proxies important in order to better predict future activity.   
Chapter 3 of this study represents the longest continuous (A.D. 1710–2004) 
seasonally resolved δ18O tree-ring isotope chronology for the Southeastern United States, 
providing the opportunity to examine hurricane activity prior to and including the modern 
instrumental record. The site is located near Pensacola, Florida, on Eglin Air Force Base 
(Figure 1.3), which holds the largest contiguous tract of old-growth longleaf pine forests 
in the United States, providing tree-ring chronologies that extend back to the late 1400s. 
This site provides an opportunity to capture hurricanes that develop in two distinct 
regions: 1) storms that form in the eastern Gulf of Mexico/eastern Caribbean and 2) 
storms that form in the central and western Atlantic (Figure 1.3). 
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Tropical cyclones that strike the western panhandle of Florida typically originate 
and have different storm tracks than those that hit South Carolina (Figure 1.3). Therefore, 
this study provides data necessary to potentially compare and identify periods where 
changes in general storm track occur. The change in general storm track are proposed to 
indicate predominance of positive vs. negative phase of the NAO and steering of tropical 
cyclones towards the Gulf of Mexico or their recurvature to the east coast (Elsner and 
Kara, 1999; Liu and Fearn, 2000). 
Tree-ring samples of longleaf pine were collected from Eglin Air Force Base in 
2004 (Henderson, 2006). The soils at this site are from the Lakeland Series, the same soil 
series represented at Sandy Island, South Carolina; these soils can have up to 60 cm of 
rapidly drained sand. The wood samples used for this study date into the mid–1500s, but 
are here analyzed into the early 1700s. The study is divided into three periods: 1) a 
modern calibration/verification period from 1940–2004 that coincides with the record of 
instrumental records; 2) a period from 1850–1950 (from a different sample than that used 
in part 1) compliments the best track database from UNISYS, HURDAT and NOAA; and 
3) a period from 1710–1849 (same sample as in part 2) for which additional data are 
limited to those provided in historical accounts such as ship logs, newspapers, and 
plantation diaries.   
 Chapter 4 synthesizes the climatic significance of all tree-ring oxygen isotope 
data obtained from sites across the Southeastern United States including South Carolina 
(1940–2004), Florida (1710–2004), and Georgia (1770–1997). While anomalous sub-
annual isotope compositions reflect extreme events such as hurricanes and drought, long-
term trends observed in the δ18O tree-ring cellulose time series are likely influenced by 
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decadal to multidecadal scale climate oscillations such as ENSO, NAO, AMO, and PDO. 
These climate oscillations may influence hurricane formation and track over similar 
timescales. In Chapter 4, I identified observable periodic patterns in the tree-ring isotope 
time series that may help to understand the influence of these climate modes on 
Southeastern U.S. climate and hurricane activity.   
 Previous work by Miller (2005) identified statistically significant correlations of 
the oxygen isotope time series to ENSO, AMO, and PDO, with each climate mode 
dominating in different periods. In this study, statistical analyses (correlation analysis, 
spectral analysis, and wavelet analysis) were used to determine if similar correlations 
existed at the South Carolina and Florida sites. Results from all of these sites were 
compared to determine if patterns emerged across the Southeastern United States.  
 Appendix 5 of this dissertation reports on a pilot study to determine if the δ18O of 
tree-ring cellulose can be used to observe shifts in the North American Monsoon (NAM). 
The NAM is the dominant climatological feature in the southwestern U.S. summer and 
delivers more than half of the annual rainfall in the region. I examined the potential of 
oxygen isotopes in tree-ring α-cellulose to record changes in precipitation activity 
associated with the North American Monsoon at a site within El Malpais National 
Monument, New Mexico. Previous studies have suggested that precipitation sources for 
the NAM may change on long-term scales.  
With the population of the southwestern region exponentially growing, the stress 
on limited water supplies grows as well. The importance of understanding the 
development and factors that control the NAM cannot be overstated. The prediction of 
the NAM precipitation has become an important focus of work at several agencies 
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(NOAA, NASA, and NSF–the North American Monsoon Experiment) and forward 




The Portability of the Tree-Ring Oxygen Isotope Proxy: A Case 
Study from South Carolina  
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Abstract 
The tree-ring oxygen isotope proxy has been shown to record extreme events such as 
hurricanes and droughts, as well as to capture the influence of decadal and multidecadal 
scale climate modes. Here, the portability and robustness of this proxy were tested using 
two sites, Francis Marion and Sandy Island, South Carolina, located within different 
climate zones and soil substrates, but in close proximity (about 70 km) such that they 
likely share similar histories of tropical cyclone activity. I present and compare oxygen 
isotope time series from each site for which hurricane occurrence and precipitation can be 
verified with the modern instrumental record (Francis Marion 1945–2000; Sandy Island 
1940–1996). Overall, the sites recorded the same percentage (45%) of hurricane activity 
that tracked within 200 km, despite differences in soil drainage, suggesting soil drainage 
may not be a factor for this proxy. Analysis of negative isotope residual anomalies (<  
–0.5) revealed that 85% (Francis Marion) and 78% (Sandy Island) are associated with 
known tropical cyclone events that produced precipitation on site (regardless of radius). 
Combining these data provided a minimum estimate of local hurricane activity, as well as 
the level of certainty expected for negative anomalies to match to tropical cyclone events 
beyond the record of modern instrumental and historical data. False positives and missing 
storms occurred at both sites. Still, the results of this study prove that the tree-ring 
oxygen isotope proxy is portable and can provide a minimum estimate of local hurricane 






Tropical cyclones are destructive forces of nature that are costly with respect to 
life and property. Since 1995, North Atlantic tropical cyclone activity has increased, 
though the cause of this increase is debated (Landsea et al., 1996; Goldenberg et al., 
2001; Emanuel, 2005; Landsea, 2005). Some suggest that the rise in activity is directly 
related to anthropogenic global warming (Houghton, et al., 1996; Begley, 1996; Emanuel, 
2005; Webster et al., 2005), while others argue that North Atlantic hurricane activity is 
modulated by natural multidecadal climate variability (Landsea et al., 1996; Goldenberg 
et al., 2001; Landsea, 2005; Klotzbach, 2006). Modern records of tropical cyclone 
occurrence, which include instrumental and historical records (newspapers, ship logs, 
plantation diaries, HURDAT), are relatively short in duration, making it difficult to 
discern decadal-scale natural variability from anthropogenically-driven changes on the 
same scale. Therefore, proxies must be developed to examine and better understand 
tropical cyclone activity beyond these limited records.  
The field of paleotempestology develops proxy approaches to determining past 
hurricane activity on a range of scales from sub-annual to centennial, including the study 
of sediment deposition in coastal ponds (Liu and Fearn, 1993; Liu and Fearn, 2000; 
Donnelly et al., 2001; Donnelly, 2005; Donnelly and Woodruff, 2007), coastal ridge 
deposit studies (Nott and Hayne, 2001; Nott, 2006), tree-ring width studies (Pillow, 1931; 
Manabe and Kawkatsu, 1968; Johnson and Young, 1992; Doyle and Gorham, 1996; 
Reams et al., 1996; Rodgers et al., 2006), and isotopic compositions of tree rings (Miller, 
2005; Miller et al., 2006), and speleothems (Frappier et al., 2007, Nott et al., 2007). 
Decadal to centennial scale studies of storm deposits in coastal pond sediments typically 
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capture a minimum estimate of extreme (Category 3 or greater) events, making landfall at 
or very near the study site (Liu and Fearn, 2000; Liu and Fearn, 1993; Donnelly et al., 
2001; Donnelly, 2005; Donnelly and Woodruff, 2007). Speleothems may capture 
hurricane records on a range of scales, depending upon their growth rate, and must be 
independently dated using geometric dating techniques (i.e., Uranium Thorium isotope 
dating) (Edwards et al., 1986; Frappier et al., 2007; Nott et al., 2007). The oxygen isotope 
composition (δ18O) of tree-ring cellulose has been used in other paleoclimatological 
studies, specifically as indicators of temperature and environmental change (Epstein and 
Yapp, 1977; Sternberg, 1989; Saurer et al., 1997; Anderson et al., 2002; Rebetez et al., 
2003), but its application as a paleotempestological proxy remains nascent. Unlike other 
proxies, it is unique because it is exactly dateable, producing seasonal resolution over a 
centennial timescale.  
In the work presented here, the primary focus is the stable oxygen isotope 
variability of tree-ring α-cellulose. The controlling factors of oxygen isotope ratios in 
tree-ring α-cellulose include biophysiological fractionations and environmental controls, 
including the amount and composition of precipitation, temperature, and relative 
humidity (Epstein and Yapp, 1977; Sternberg, 1989; Lipp et al., 1996; Saurer et al., 1997; 
Anderson et al., 2002). The basic steps of these isotopic fractionations have been recently 
modeled (Roden et al., 2000, Anderson et al., 2002) and integrate the following: 1) the 
composition of the source water, including soil water and precipitation; 2) carbonyl-water 
interactions during biosynthesis; 3) leaf water evaporative enrichment; and 4) sucrose-
xylem water exchange (Figure 1.1). While each of these factors must be quantified in 
order to use the tree-ring δ18O values to determine the exact δ18O value of source 
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precipitation or as an indicator of temperature, they become less important when 
examining a time series of relative changes in isotopic composition for a single 
individual or species at a given site, which will dominantly reflect variations in source 
water, all else being equal. 
Tropical cyclones are known to have distinct oxygen isotope ratios that allow 
them to be distinguished from regular storm events (Lawrence and Gedzelman, 1996; 
Lawrence, 1998; Lawrence et al., 2002). Tropical cyclones can produce precipitation that 
is markedly depleted in 18O. The δ18O of tropical cyclone precipitation is a product of the 
storm’s meteorological history, the size of the storm, the height of cloud cover, and other 
factors. It is also dependent on the location within the storm. In general, depletion of 18O 
within a storm increases toward the eye, although the eyewall itself is more enriched in 
18O (Gedzelman et al., 1982; Lawrence and Gedzelman, 1996). When the upper 
right/northeast quadrant of the storm impacts a site, the air near the eye has not passed 
through enough 18O-depleted vapor to produce precipitation that is 18O-depleted. Also, 
winds that carry sea spray may be a factor is the oxygen isotope composition of 
precipitation, as sea spray is relatively enriched in 18O in comparison with hurricane 
precipitation. 
 Lawrence (1998) suggested low 18O precipitation may be incorporated into 
incrementally grown natural archives such as corals, tree rings, and soil carbonates. A 
recent study has documented this hypothesis using latewood (i.e., later season growth of 
high-density wood) of tree-ring cellulose (Miller, 2005; Miller et al., 2006). That study 
presented a 227-year, seasonally resolved record of tree-ring oxygen isotope data that 
revealed information about past tropical cyclone activity, seasonal moisture stress, and 
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multi-decadal climate variability. The hurricane record captured by the tree-ring oxygen 
isotope data compared well with the modern instrumental record (1940–1997), as well as 
the historical/documentary record (1860–1939). In addition to previously documented 
events, the study may have captured the Great Hurricane of 1780, the first evidence of 
this storm potentially impacting the United States, as well as undocumented events in 
1847 and 1857 (Miller, 2005; Miller et al., 2006). 
The Miller et al. (2006) study focused on an inland site (Valdosta, Georgia) and 
represents a single-site snapshot of tropical cyclones that affected the study area. It is 
necessary to further evaluate the robustness of the isotope proxy in other areas of tropical 
cyclone activity and at sites where the physical conditions (climate, soil) are different.  
Here, I present two case studies from coastal South Carolina, evaluating the proxy at sites 
within (1) Francis Marion National Forest and (2) Sandy Island Wildlife Refuge (Figure 
1.3). The two sites are approximately 70 km apart, and should have seen very similar 
hurricane histories. However, the sites are located within slightly different climate zones 
and have different soil types.  
The primary focus of the initial study was to determine if negative isotope 
anomalies matched to known hurricane events. However, it did not objectively assess 
what percentage of local hurricane activity the proxy was recording. Therefore, the 
primary goals of this study were to assess not only the portability of the tree-ring oxygen 
isotope proxy, but also to evaluate the amount of storms recorded and whether these sites 
capture a similar record of hurricane activity. Additionally, I wanted to determine if 
combining data from both sites would capture a more complete record of tropical cyclone 
activity than either single site.  
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Recording every tropical cyclone event is not likely, as capturing a tropical 
cyclone in tree-ring cellulose is dependent on many factors. Because tropical cyclones are 
dynamic systems and produce asymmetric patterns of precipitation, an event will not be 
recorded if a site receives very little to no precipitation. Also, the spatial distribution of 
δ18O varies within a hurricane, making it more difficult to capture an anomalous signal. 
Another potential cause of missing a hurricane event is the pre-existing condition of the 
soil water column from which the tree takes water. The soil water column can be affected 
by evaporation and mixing events, which is a direct result of climate (e.g. drought and 
intense rain events).  
The different soil types and hydrology of the Francis Marion site (wet, poorly 
drained soil) and Sandy Island site (dry, well drained soil) provide the opportunity to 
examine the effects, if any, of soil drainage on the δ18O composition of tree-ring α-
cellulose. Trees growing on well-drained soils should have access to precipitation that 
fell very recently (past several weeks). Trees growing on poorly drained soils should have 
access to water that is a mixture of numerous precipitation events (possibly over months). 
However, a recent study found a < 1‰ difference in the δ18O values of tree-ring cellulose 
of trees growing on well drained vs. poorly drained soils (Richter et al., 2008).  
2.2 Site Descriptions  
Tree-ring samples (cores and cross-sections) of longleaf pine (Pinus palustris 
Mill.) were collected from Francis Marion National Forest in July 2004 and Sandy Island 
Wildlife Refuge in June 2005. Francis Marion National Forest is located near 
McClellanville, South Carolina, about 32 km north of Charleston (Figure 1.3). Soils 
located within the sampling location are the Bayboro and Bethera Loams (USDA, 2007). 
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These soils have a seasonal depth to water table of about 30 cm and are poorly drained 
(USDA, 2007). When samples were collected (July 2004), a soil test pit revealed a depth 
to water table of about 20 cm. The mean annual temperature is 18 °C and the temperature 
range during hurricane months (June to November) is usually less than 10 °C. The mean 
annual precipitation is 135 cm/yr, although this is variable due to episodic events such as 
tropical storms, which can contribute 10–25 % of total annual rainfall (Court, 1974). For 
this site, climate data (daily/monthly precipitation, daily/monthly temperature, and 
monthly PDSI) are available for South Carolina climate division 7 including, Station 
385628 McClellanville (1957–2000) and Station 386893 Pinopolis Dam (1948–1994) 
(National Climatic Data Center, 2007). 
 Sandy Island, South Carolina, located in Georgetown County, is approximately 
100 km north of Charleston (Figure 1.3). The island is situated between the Waccamaw 
and Great Pee Dee Rivers and is only accessible by boat. The study area is located on the 
northern half of the island, where the elevation is highest (2.9 m) and longleaf pines are 
more prevalent (Henderson, 2006). Soils located within the sampling location are from 
the Lakeland Series, consisting of up to 150 cm of sand, causing the soil to be rapidly 
drained (USDA, 2007). The mean annual temperature is 18 °C and the temperature range 
during hurricane months (June to November) is usually less than 10 °C. The mean annual 
precipitation is 130 cm/yr (National Climatic Data Center, 2007), but can be highly 
variable due to the influence of tropical cyclones that may contribute 25% of total annual 
rainfall. Climate data (daily/monthly precipitation, daily/monthly temperature, and 
monthly PDSI) are available for South Carolina climate division 4, Station 383468 




Tree-ring cores and cross-sections of longleaf pine were collected using a 4.3 mm 
diameter increment borer and chainsaw, respectively. Tree-ring width chronologies were 
created using standard dendrochronological techniques (Stokes and Smiley, 1996) and 
were verified using COFECHA (Grissino-Mayer, 2001). At least 20 trees were used for 
crossdating, with one tree from each site being chosen for oxygen isotope analysis.   
To obtain sub-annual resolution, samples were prepared for isotope analysis by 
separating tree rings into earlywood and latewood fractions using a surgical scalpel 
working under a stereozoom microscope. Tree rings were shaved at about 40 µm 
thickness. The α-cellulose extraction process followed the methods of Green (1963) with 
later modifications by Loader et al. (1997) for small batch processing. Oxygen isotope 
analysis of α-cellulose was carried out by pyrolysis to CO in a Finnigan High 
Temperature Conversion/Elemental Analyzer (TC/EA) interfaced with a continuous flow 
Finnigan Delta Plus XL isotope ratio mass spectrometer at the University of Tennessee. 
All samples were run in triplicate. Approximately 80–150 µg of cellulose was 
loaded into silver capsules and pyrolyzed at 1450 °C in the furnace of the TC/EA. Sample 
pyrolysis produces CO gas, which is measured for the 18O/16O ratio, expressed as δ18O 
(δ = ((Rsample / Rstandard) – 1) x 1000), relative to VSMOW (Vienna Standard Mean Ocean 
Water). Individual analyses were linearly drift-corrected and a working laboratory 
standard of SIGMA cellulose was placed between every six samples. The analytical value 
and reproducibility for the δ18O measurement of SIGMA cellulose is 27.34 ‰ ± 0.33 ‰. 
The laboratory standard was routinely measured against other standards (NBS–19, 
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Benzoic Acid, SIRFER cellulose, and Jahren cellulose) in our lab, as well as the SIRFER 
lab at the University of Utah.   
The δ18O time series for each site were subject to a 1–yr autoregression analysis to 
1) remove short-term autocorrelation and 2) detect isotopic anomalies. Residuals were 
calculated by taking the difference between observed and predicted values (observed–
predicted = residuals). Previous studies (Miller, 2005; Miller et al., 2006) found that 
anomalously low residuals (< –0.5) in latewood tree-ring cellulose were almost always (> 
85%) correlated with tropical cyclone activity. Due to site differences in this study, 
anomalous residuals may not necessarily be the same as those in the initial study. 
However, values from the initial study were used as first indications of possible 
anomalous events for this study. Also, higher resolution (sub-seasonal) sampling may 
help clarify the presence (or absence) of an anomaly in a particular sample that falls just 
outside the accepted range. For example, the initial study found a much greater negative 
residual could be measured for a given year/storm if the latewood was further subdivided.  
The δ18O time series from both South Carolina sites were evaluated against the 
modern instrumental record (about 1940–2000). Tropical cyclones whose “best track” 
(Jarvinen et al., 1984) passed within 200 km of the sites were considered most likely to 
be represented in the isotopic record (Figure 1.3). Hurricanes have a “strike circle” that is 
about 232 km (125 nautical miles), typically the area affected by hurricane force winds 
(National Hurricane Center, 2007). However, we note this radius is somewhat arbitrary, 
as depletions of 18O in precipitation have been seen, and were captured by the isotope 
proxy of the initial study, up to about 400 km from the eye of the hurricane (Lawrence 
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and Gedzelman, 1996; Lawrence, 1998; Lawrence et al., 2002; Miller, 2005; Miller et al., 
2006).  
If a tropical cyclone came within 200 km of the site, instrumental records were 
used to determine if precipitation was recorded during the time the tropical cyclone 
tracked within the defined radius. If years had negative residuals (< –0.5) but were not 
associated with hurricane events within 200 km, I looked outside the defined radius to 
find events that may have produced precipitation on site. If precipitation was recorded in 
the daily precipitation records, I hypothesized that the tropical cyclone would be recorded 
in the latewood of the tree-ring oxygen isotope record.  
In the course of hypothesis testing and evaluating the data, error is likely to occur. 
Type I Error, referred to here as “false positives,” occurs when anomalous negative 
residuals (< –0.5) are present that do not match with known tropical cyclone events. Type 
II Error, referred to here as “missing storms,” occur when a hurricane tracked within 200 
km of the site but was not recorded by an anomalous negative residual. Explanations for 
missing a tropical cyclone event include: (1) no precipitation from the storm produced on 
site; (2) a direct hit possibly resulting in precipitation enriched in 18O; and (3) moisture 
stress, or drought, that typically leads to greater evaporation of soil water causing an 
enrichment in 18O of the water used by the tree. This enrichment in 18O may act to 
attenuate or mask the depleted 18O signal produced by a tropical cyclone. To determine if 
a drought was present, I used a drought index (PDSI). If there was a drought during the 
time of a cyclone, it is possible that the tropical cyclone event would not be recorded in 
the tree-ring oxygen isotope proxy.  
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To answer the question, if there is a storm, is there an anomaly, I calculated the 
percentage of storms that matched our original criteria (200 km, produced precipitation) 
and had a negative residual of less than –0.5). That percentage provided a minimum 
estimate of the number of storms that came within 200 km of the site and was recorded 
by the tree-ring oxygen isotope proxy. If anomalous negative residuals did not match to 
events within 200 km, I went beyond the radius to see if other events could explain these 
anomalies (if there is an anomaly, is there a storm). Using the combined events matched 
to residuals, I calculated what percentage of negative anomalies coincided with tropical 
cyclone activity. This calculation provided an idea of how well negative anomalies match 
to known tropical cyclone events, regardless of radius. This identified the level of 
certainty expected for a negative anomaly to match to a hurricane event when looking 
beyond the period of known instrumental and historical documentation. 
2.4 Results 
To evaluate the efficacy with which the tree-ring oxygen isotope proxy recorded 
hurricane events, I compared oxygen isotope values and residuals to the modern 
instrumental records of precipitation, temperature and hurricane tracks. The period 
examined for Francis Marion was 1945–2000 and 1940–1996 for Sandy Island. During 
these periods, δ18O values for Francis Marion ranged from 31.1 to 37.6 ‰ for earlywood 
and 28.6 to 36.6 ‰ for latewood, with the average being 34.4 ± 2.7 (2σ) ‰ and 31.9 ± 
3.1 (2σ) ‰, respectively (Figure 2.1). For Sandy Island, δ18O values ranged from 30.1 to 
37.9 ‰ for earlywood and 29.1 to 35.1 ‰ for latewood; with the average δ18O being 33.5 



































Figure 2.1-Oxygen isotope values of earlywood and latewood tree-ring α-cellulose for 


































Figure 2.2-Oxygen isotope values of earlywood and latewood tree-ring α-cellulose for 
longleaf pines growing on Sandy Island, South Carolina, 1940–1997.   
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Differences in the isotopic composition of earlywood and latewood 
(“seasonality”) reflect seasonal (approximately spring to early summer vs. late summer to 
fall) differences in either temperature or source moisture composition, or most likely, a 
combination of both. Examining seasonality may offer insight into changing climate 
conditions (dry versus wet, changing moisture sources). The seasonality at Francis 
Marion remained relatively constant, with a brief change in the mid 1980s (Figure 2.3). 
The seasonality at Sandy Island had a significant stepwise change around 1960 (Figure 
2.4) 
Tropical cyclones that came within 200 km of each site (Tables 2.1, 2.2) were 
matched (or not) with negative residual values of the latewood for each site (Figures 2.5, 
2.7). I emphasize interpretation of the latewood to focus our efforts on the potential 
hurricane record. However, the exact timing of latewood formation changes every year so 
it is possible that early season tropical cyclone events may be recorded in the earlywood 
(Figures 2.6, 2.8).  
During the study period (1945–2000) at Francis Marion, 20 tropical cyclone 
events tracked within the defined 200 km radius (Table 2.1). No precipitation data were 
available for Hurricanes 1 (1945) and 8 (1947) and no precipitation was recorded for 
Hurricanes Hazel (1954) and Ginny (1963).  Six of these 20 events were recorded with 
residuals of less than –1: Hurricane 8 (1947), Cindy/Gracie (1959), Cleo/Dora (1964), 
Gladys (1968), Gerda (1969), and TS Chris (1988); four were recorded with residuals 
between –0.5 and –1: Helene (1958), Hugo (1989), Allison (1995), and Earl (1998). Abel 
















Figure 2.3 -Annual values of Δ18O = δ18O earlywood–δ18O latewood (blue line) with 5–
year running average (black line) for Francis Marion National Forest, South Carolina 














Figure 2.4-Annual values of Δ18O = δ18O earlywood–δ18O latewood (blue line) with 5–


















Figure 2.5-Latewood residuals for Francis Marion National Forest 1945–2000. Red lines 
indicate hurricane activity tracking within 200 km of Francis Marion. Green lines 
indicate tropical storms tracking within 200 km of Francis Marion. Purple lines indicate 
hurricanes that tracked just outside the 200 km radius, but still produced precipitation on 
site. Orange lines represent seasonal drought as indicated by Palmer Drought Severity 
Index (PDSI) values. The black lines are years in which a hurricane came within 200 km 
but either a) produced no precipitation (Hazel 1954, Ginny 1963) or b) occurred during 
drought years (Diana 1984). Hurricanes with positive residuals are also noted in red 
(Hurricane 1 1945, Donna 1960, David 1979 and Bob 1985). Blue lines indicate 
“regular” years or years where no hurricane activity came within 200 km of Francis 
Marion. Solid black horizontal lines indicate extreme anomalies (> +1 or < –1) while 
































Figure 2.7- Latewood residuals for Sandy Island, 1940–1996. Red lines indicate 
hurricane activity that came within 200 km of Sandy Island. Green lines indicate tropical 
storms that came within 200 km. Orange lines represent drought years as indicated by 
Palmer Drought Severity Index (PDSI) values. The black lines are years in which a 
hurricane came within 200 km but occurred during drought years (Ginny 1963). 
Hurricanes with positive residuals are also noted in red (Gladys 1968, Bertha 1996)). 
Blue lines indicate “regular” years or years where no hurricane activity came within 200 
km of Sandy Island. Solid black horizontal lines indicate extreme anomalies (> +1 or < –

















Figure 2.8-Earlywood residuals for Sandy Island, South Carolina 1940–1997.  
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1945 1 3 (1) 50 ND 1.20 0.80 
1947 8 1 50 ND 2.15 –1.18 
1952 ABEL 2 50 12.9 –1.38 –0.44 
1953 FLORENCE 3 (TS) DP 5.5 –1.79 –0.42 
1954 HAZEL 4 100 0.0 –3.53 2.83 







9.0 2.14 –1.08 
1960 DONNA 5 (2) 75 7.9 0.39 0.65 
1963 GINNY 2 20 0.0 –0.10 1.70 






10.3 4.53 –1.43 
1968 GLADYS 1 100 2.1 –0.36 –1.21 
1969 GERDA 3 (TS) 100 0.9 1.48 –2.48 
1979 DAVID 5 (2) 25 3.1 1.57 0.15 
1984 DIANA 4 (1) 150 2.5 –0.63 1.31 
1985 BOB 1 10 8.2 0.65 1.25 
1988 TS CHRIS TS 50 4.1 –0.03 –1.36 
1989 HUGO 3 DP 11.1 1.11 –0.77 
1995 ALLISON 1 (TS) DP 7.2 1.29 –0.82 
1996 BERTHA 3 75 0.5 0.15 –0.70 
1998  EARL 2 (TS) 200 6.1 –0.72 –1.59 
1999 FLOYD 4 (2) 50 26.1 –0.43 –0.61 
       
Note:  * Maximum (at impact), TS = Tropical Storm, DP = Direct Pass, ND = No Data.
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 Outside 200 km      
1955 DIANE 3(1) Within 300  4.5 NR –2.19 
1971 BETH 1 Within 300 2.6 NR –1.46 
1972 AGNES 1 Within 300 4.1 NR –0.70 
1975 ELOISE 3 (TS) Within 300 2.8 NR –1.40 
1976 DOTTIE TS Within 300 5.1 NR –1.03 
1992 ANDREW 5(TD) Within 300 1.4 NR –1.16 
1942 False Positive     –1.08 
1973 False Positive     –1.45 
1982 False Positive     –2.37 
1983 False Positive     –1.10 
1994 False Positive     –0.55 
       
Note:  * Maximum (at impact), TS = Tropical Storm, TD = Tropical Depression, P = Direct Pass,  
ND = No Data.
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1940 3 1 200 2.6 –1.73 –1.73 
1941 5 3 (TS) 20 4.1 –0.28 –1.23 
1944 3 1 100 6.4 –1.27 –0.67 
1945 1 3 50 26.8 2.56 –2.04 
1947 8 1 75 7.4 1.78 –2.14 
1952 ABEL 2 75 13.6 –0.03 –0.69 
1953 FLORENCE 3 (TS) DP 10.8 –1.69 –0.38 
1954 HAZEL 4 75 22.4 –3.50 0.53 
1955 CONNIE, DIANE 3(1) 250, 100 4.4 0.03 –2.28 
1957 TROPICAL STORM 1 TS 30 0 0.22 –2.22 
1958 HELENE 4 30 6.4 2.61 –0.12 
1959 CINDY, GRACIE 4, 1 30, 100 7.4/12.8 2.46 –0.21 
1960 DONNA 5 (2) 50 13.8 2.48 –0.18 
1963 GINNY 2 50 ND –1.22 1.46 
1964 CLEO, DORA 4 (TS) 4(TS) 200, DP 5.8/7.2 3.48 –2.45 
1968 GLADYS 1 110 ND 0.26 1.80 
1979 DAVID 5 (2) 75 27 0.93 –0.37 
1984 DIANA 4 (1) 50 7.4 0.02 –0.38 
1985 BOB 4 50 9.1 0.94 –0.36 
1989 HUGO 3 3 2.5 1.52 –0.72 
1996 BERTHA 3 3 5.4 2.15 0.91 
1950 ABEL 4 300  7.5 –0.91 0.25 
1961 ESTHER 4 300 2.0  –0.54 
1986 CHARLEY 1 300 0.8  –0.82 
1948 FALSE POSITIVE     –0.77 
1973 FALSE POSITIVE     –0.74 
1982 FALSE POSITIVE     –2.69 
Note:  * Maximum (at impact), TS = Tropical Storm, TD = Tropical Depression, P = Direct Pass,  
ND = No Data.
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–0.42 and –0.43, respectively. Hurricanes that were known to track within 200 km of the 
site, but were not recorded by a negative residual include Donna (1960), David (1979), 
 Diana (1984), Bob (1985), and Bertha/Fran (1996). Six hurricanes were recorded that 
fell just outside the 200 km radius including Diane (1955), Beth (1971), Agnes (1972), 
Eloise (1975), Dottie (1976), and Andrew (1992). Four years had negative residuals (< –
0.5) in which no tropical cyclone activity occurred (1973, 1982, 1983, and 1994) (Figure 
2.5).  
At Sandy Island, 21 tropical cyclone events came within the defined 200 km 
radius (Table 2.2). No precipitation data exist for Ginny (1963) and Gladys (1968). Seven 
of these events were recorded with residuals of less than –1: Hurricane 3 (1940), 
Hurricane 5 (1941), Hurricane 1 (1945), Hurricane 8 (1947), Diane (1955), TS 1 (1957) 
and Cleo/Dora (1964). Three were recorded with residuals between –0.5 and –1: 
Hurricane 3 (1944), Abel (1952), and Hugo (1989). Diana (1984) and Bob (1985) were 
recorded with residuals of –0.38 and –0.36, respectively. Hurricane Abel (1950), 
Hurricane Esther (1961), and Hurricane Charley (1986) passed within 300 km and were 
recorded with residuals of –0.91,  –0.54, and –0.82 respectively. One year (1982) had a 
negative residual < –1 in which no known tropical cyclone activity occurred (Figure 2.7). 
In 1948, a residual of –0.77 was found. Two Category 3 hurricanes (Hurricanes 3 and 7) 
came within 300 km, but no precipitation was recorded.  
2.5 Discussion 
2.5.1 The tree-ring oxygen isotope proxy compared to the known hurricane record 
The periods 1945–2000 (Francis Marion) and 1940–1996 (Sandy Island) 
encompass a period for which modern instrumental data provide a relatively accurate
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record of hurricane track and intensity, and the concurrent amount of precipitation and 
drought (PDSI) recorded at each site. If a tropical cyclone event tracked within 200 km of 
a study site and produced precipitation at that study site, I hypothesized it would be 
recorded as anomalously low values in the calculated residuals from the tree-ring oxygen 
isotope record. If no precipitation fell at the study site, I would not expect the hurricane to 
be recorded as anomalously low residual values in the oxygen isotope record.   
The oxygen isotope proxy captured (residual < –0.5) nine of 20 (45%) events that 
came within 200 km of Francis Marion. Hazel and Ginny produced no precipitation on 
site and further examination of the other nine hurricanes not recorded reveals that five of 
them have reasonable explanations for not being recorded in the oxygen isotope record, 
described below. Abel, Florence, and Floyd had negative residuals of about –0.4, but fell 
just outside of the accepted range for anomalous residuals (< –0.5). However, given that 
they are negative, this may be a case where sub-sampling reveals a greater negative 
anomaly. Hurricanes Able, Florence, Diana, Bertha, and Floyd all occurred during 
periods of mild drought (PDSI < –0.5), so they may have been masked due to evaporative 
enrichment in the soil column. Hurricanes Donna, David, and Bob all produced 
precipitation on site and PDSI does not indicate a drought. Therefore, these storms may 
have not produced 18O-depleted precipitation on site.  
If years had negative residuals, but were not associated with hurricane events 
within 200 km, I looked outside the defined radius to find events that produced 
precipitation on site. This revealed additional events that matched to negative anomalies, 
regardless of the storms track. At Francis Marion, 4 of these events were found. 
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Therefore, combining all negative anomalies (< –0.5) that are associated with known 
events provides an 85% match. 
 At Sandy Island, the oxygen isotope proxy captured (residuals of < –0.5) nine of 
20 (45%) events that came within the 200 km strike zone. No precipitation data were 
available for Hurricanes Ginny, Gladys, and David. Florence and Hazel occurred during 
periods of drought. Hurricanes Helene, Cindy/Gracie, Donna, Diana, Bob, and Bertha all 
produced precipitation, occurred during years without a drought, and were not recorded 
by the oxygen isotope record. An additional two events from outside 200 km were 
matched to negative anomalies. Therefore, combining all negative anomalies associated 
with known hurricane events, 78% of negative residuals (< –0.5) match.  
Individually, both sites record the same percentage (45%) of hurricanes that track 
within 200 km and the negative anomalies at both sites seem to correspond to tropical 
cyclone events about 80% of the time. This suggests that soil drainage may not be a 
factor that affects the tree-ring oxygen isotope proxy for recording these events. This 
conclusion is supported by a recent study that found a < 1‰ difference in the δ18O values 
of tree-ring cellulose of trees growing on well drained vs. poorly drained soils (Richter et 
al., 2008).  
In the period that covers both sites (1945–1996), 12 storms tracked within 200 
km. Together, the sites recorded six of those (50%), a slightly better percentage than 
those recorded individually. Hurricanes Florence, Hazel, Donna, Ginny, David, Diana, 
Bob, and Bertha were not recorded at either site. The absence of Hazel and Bertha occur 
during drought years, however the other hurricanes all produced precipitation and 
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occurred during years with no drought. These storms ranged in Category from 1 (Bob) to 
5 (Donna). I suggest these storms did not produce 18O-depleted precipitation on the sites. 
It is important to note that the original studies of oxygen isotopes in tropical 
cyclone precipitation suggest that these systems, if not properly developed, may not 
produce 18O-depleted rain. Factors such as storm cloud height, longevity, and size all act 
to produce 18O depleted precipitation. The fact that six of these storms produced 
precipitation at both sites and were not recorded suggests the rain bands that passed over 
South Carolina simply did not produce 18O-depleted rainfall.  
2.5.2 Potential effects of pre-existing soil conditions 
Missing a hurricane event in the tree-ring oxygen isotope proxy may occur 
because of pre-existing soil conditions, which is largely controlled by changes in climate.  
Periods of dryness and/or higher temperatures can lead to greater evaporation of soil 
water causing enrichment in 18O, which may act to attenuate the depleted 18O signal 
produced by a tropical cyclone. Drought is typically recorded by a positive anomaly (> 
+0.5). When the oxygen isotope proxy did not record tropical cyclone events tracking 
within 200 km, PDSI (annual and July–November late seasonal) values were examined to 
determine if drought could be a factor. It is important to remember that PDSI is a 
regional measure of moisture stress, while the tree-ring oxygen isotope proxy will record 
local conditions of moisture stress, which generally, are related to regional effects.  
Hurricane Hazel provides one example of how drought can attenuate a hurricane 
signal. Hazel was a Category 4 storm that produced 22.4 cm of rain on Sandy Island and 
no rain on Francis Marion. A significant regional drought occurred in 1954. At Francis 
Marion, this event is recorded with a residual of about +3. This drought likely had a 
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similar affect on Sandy Island, but the residual there is about + 0.5. In this case, I suggest 
that low isotopic values associated with Hazel reduced the residual value at Sandy Island, 
however, the decrease associated with the storm event was superimposed on the strong 
positive residual of the drought, giving the impression that the storm was simply not 
recorded.   
At Francis Marion, Hurricanes Able, Florence, Diana, Bertha, and Floyd occurred 
during times of drought. Florence was not recorded at Sandy Island either. The residuals 
for Florence are –0.42 and –0.38 for Francis Marion and Sandy Island, respectively, 
suggesting that drought conditions may have attenuated their signal. Diana and Bertha are 
also not recorded at Sandy Island, however, PDSI does not indicate drought conditions. 
Because PDSI indicates drought at Francis Marion, it is possible that similar conditions 
occurred locally at Sandy Island, but not within the larger area of its climate region.  
2.5.3 False Positives  
 At both sites, several years record negative anomalies that cannot be matched to a 
known hurricane or tropical storm. These events are called “false positives,” because the 
negative residuals would be interpreted as a tropical cyclone event when periods of 
known historical documentation no longer exist. They account for about 20% of the 
negative anomalies found in the tree-ring oxygen isotope record. At this time, only 
limited hypotheses can be formed about the causal mechanism of these negative residuals 
not associated with tropical cyclone activity. However, the issue of the false positive 
must be addressed.  
Years with false positives that are < –0.5 include 1942, 1948, 1973, 1982, 1983 
and 1994 (Tables 2.1, 2.2). The majority of these years are coincident with strong El 
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Niño years. The 1982–1983 El Niño had record producing amounts of rainfall within the 
Southeastern United States. From this, I hypothesized that the large amount of rain 
produced an “amount effect,” causing the precipitation to be depleted in 18O. However, 
when examining both seasonal (winter and summer) and annual precipitation totals, the 
years associated with these false positives do not rank as being the wettest years on 
record, so the “amount effect” is not the likely cause of the anomalies.   
 Another hypothesis to explain the false positives is that strong El Niño events 
caused a change in moisture source, enough to produce a recordable difference in the 18O 
relative to “regular” precipitation. El Niño is known to shift the jet stream to a more 
southerly position, causing northern storm tracks to move further south. This brings 
storms from higher latitudes and across the continent. The precipitation would likely be 
isotopically depleted in 18O due to a combination of latitude and continent effects. Here, 
an air mass would not only be more depleted because it originated in more northern 
latitudes, but also becomes progressively more depleted in 18O as it moves farther from 
the site of origination, primarily because it has undergone more cycles of precipitation. 
However, other moderate to strong El Niño events occurred during the time presented 
here and they were not recorded by a negative residual.  
2.5.4 “Seasonality” 
Francis Marion and Sandy Island are located within different climate regions and 
have different soil types, but the “seasonality” (changes in temperature and precipitation) 
between the two sites is very similar. At both sites, the majority of the Δ18O values are 
positive, indicating that the earlywood is more enriched in 18O compared to the latewood. 
In years of tropical cyclone events, this would seem reasonable, as the δ 18O of latewood 
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for those years would likely be more depleted in 18O when compared with the earlywood, 
however, this occurs in the majority of non-event years.  
In general, the differences in seasonality are more positive at Francis Marion than 
at Sandy Island. With the exception of a change to negative values in the early 1980s, the 
seasonality at Francis Marion remains fairly constant (Figure 2.3). At Sandy Island, an 
abrupt shift in “seasonality” occurred around 1960 (Figure 2.4). When looking at the 
individual time series, the earlywood becomes slightly more enriched in 18O during this 
time, while the latewood becomes significantly more enriched 18O. This would suggest a 
warmer, drier late summer to fall season for Sandy Island. Similar shifts are seen in 
archives around the globe. 
2.6 Conclusions 
The initial Miller et al. (2006) study demonstrated the feasibility of using tree-ring 
oxygen isotopes to record hurricane events by asking the question: where there is an 
isotope anomaly, is there a storm? By using this approach, they matched negative 
isotopic anomalies to hurricane events, however, they did not evaluate how accurately the 
proxy captured activity of local events. To more objectively assess the accuracy of the 
proxy, I asked, where there is a storm, is there an isotope anomaly? I did this by 
evaluating what percentage of known hurricane events (within 200 km) were captured by 
the tree-ring oxygen isotope proxy. Capturing 100% of the hurricane events was not an 
expected result for several reasons: (1) not all hurricanes produced precipitation on site, 
(2) not all hurricanes produced isotopically depleted precipitation on site, and (3) pre-
existing or co-existing factors within the soil that reduced or attenuated the potential, 
depleted hurricane signal (drought). 
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To determine the robustness and accuracy of the proxy, I used two sites located 
70 km apart, having similar hurricane histories, but having different soil types. The 
results of my study further demonstrate the feasibility of the tree-ring oxygen isotope 
proxy and show the proxy provides a minimum estimate of hurricane events for a given 
local area. The results indicate that soil drainage (well vs. poorly drained) did not have an 
effect on the tree-ring oxygen isotope proxy. Both sites record the same percentage (45%) 
of hurricanes and have a similar percentage (about 80%) of anomalies associated with 
known tropical cyclone events. Combining the events from both sites, the storms record 
50% of the activity. 
Error was expected at both sites in the form of false positives and missing storms. 
False positives occur when negative anomalies did not match to known hurricane events 
and were present at Francis Marion in 1942, 1973, 1982, 1983, and 1994 and at Sandy 
Island in 1948, 1973, and 1982. All but one of these years is coincident with an El Niño 
event. This led me to hypothesize that these events were caused by a change in source 
moisture, enough to produce a recordable difference in the 18O of precipitation. El Niño is 
known to shift the jet stream to a more southerly position, causing northern storm tracks 
to move further south. This brings storms from higher latitudes and across the continent. 
The precipitation would likely be isotopically depleted in 18O relative to “regular” South 
Carolina precipitation due to a combination of latitude, continent, and potentially amount 
effect.  
Missing storms occurred at both sites as well and many of the same storms were 
not recorded at either site including Hurricanes Florence, Hazel, Donna, Ginny, David, 
Diana, Bob, and Bertha. While Hazel and Bertha occurred during drought years, the 
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others did not and I suggest that these storms simply did not produce isotopically 
depleted precipitation on the sites.  
Future work should focus on: 1) greater sampling depth (number of samples used 
in isotopic analysis), 2) greater spatial distribution of sites, and 3) events that create false 
positives (anomalously low residuals not associated with tropical cyclone activity). 
Sampling depth is important because numerous variables can affect tree-ring growth; 
causing one tree to record a storm while another may not. If greater numbers of samples 
are taken from a greater number of sites, a more complete picture of hurricane activity 
may be revealed. Future investigations should also include a study of pre-existing soil 
conditions. While soil drainage type did not affect the ability of the proxy to record 
hurricane events, it is still possible that soil-water mixing and evaporation processes can 
attenuate a hurricane signal. Studying the soil water column and possibly setting up an 
isotope in precipitation monitoring system to determine what kinds of storms/events can 
systematically deplete 18O in precipitation would be useful. 
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CHAPTER 3 
A 294-Year Tree-Ring Oxygen Isotope Record of Tropical Cyclone 




The work presented here represents the longest continuous (1710–2004) seasonally 
resolved δ18O tree-ring isotope time series for the Southeastern United States that is used 
to evaluate hurricane occurrences extending back to a period of sparse historical 
documents. The site is located within Eglin Air Force Base near Pensacola, Florida and 
provides an opportunity to examine hurricanes that affected the northeastern Gulf Coast, 
which develop in the Gulf of Mexico/eastern Caribbean and the central and western 
Atlantic. The period of verification (1940–2004) with modern instrumental data revealed 
that the tree-ring isotope proxy recorded 63% of storms tracking within 200 km of the 
study site. For the period 1850–1950, the proxy captured about 24% of hurricane events. 
This decrease is similar to the Valdosta, Georgia study and is attributed to changes in the 
Pacific Decadal Oscillation. At both sites, during cool phase PDO (1890–1924, 1947–
1976), the number of storms recorded by the proxy increases, but the percentage of 
activity recorded decreases. In the period from 1710–1849, the proxy captured eight 
storms that have been historically documented. The identification of periods (1710– 
1720, 1760–1780, 1810–1830, and 1840–1850) of multiple negative anomalies inferred 
to be hurricane events in both Georgia and Florida provide evidence for short increases in 
hurricane activity that match to periods of increased activity in the Caribbean (1766–1780 
and 1800–1830) and the Lesser Antilles (1772–1781 and 1807–1816). The data do not 
support an increasing trend in the number of tropical cyclones and if anything, suggest a 
decline in number of events over the last century; consistent with recent studies of US 
landfall rates and other proxy reconstructions.  
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3.1 Introduction  
Over the last decade, hurricanes have become more frequent, causing significant 
impacts to coastal populations and property. The cause of the increase in activity is 
debated, with some suggesting it is largely due to anthropogenic global warming 
(Houghton, et al., 1996; Emanuel, 2005; Webster et al., 2005) while others suggest it is a 
consequence of natural variability in the climate system (Landsea et al., 1996; 
Goldenberg et al., 2001; Landsea, 2005; Klotzbach, 2006). Modern instrumental records 
(about 40 years) of tropical cyclone occurrence and historical record, newspapers, ship 
logs, plantation diaries, HURDAT, UNISYS (up to 400 years) are short in duration, 
making it difficult to observe long-term trends in tropical cyclone activity. Clearly 
understanding these trends is critical for evaluating future risks to human populations in 
coastal areas. Therefore, developing proxies (such as tree-ring and speleothem isotopes, 
secular patterns in coastal pond sediments, and coastal-ridge deposits) is essential for 
understanding the long-term history of tropical cyclone activity.  
Recently, hurricane proxy records have been developed on a range of scales from 
sub-annual to centennial, including storm-deposits in coastal pond sediments (Liu and 
Fearn, 2000; Liu and Fearn, 1993; Donnelly et al., 2001; Donnelly, 2005; Donnelly and 
Woodruff, 2007), coastal ridge deposits (Nott and Hayne, 2001; Nott, 2006), tree-ring 
width studies (Pillow, 1931; Manabe and Kawkatsu, 1968; Johnson and Young, 1992; 
Doyle and Gorham, 1996; Reams et al., 1996; Rodgers et al., 2006), tree-ring isotopic 
(Miller, 2005; Miller et al., 2006), and speleothem (Frappier et al., 2007; Nott et al., 
2007) isotopic compositions. Decadal to centennial scale studies of storm deposits in 
coastal pond sediments typically capture a minimum estimate of extreme  (Category 3 or 
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greater) events, making landfall at or very near the study site (Liu and Fearn, 2000; Liu 
and Fearn, 1993; Donnelly et al., 2001; Donnelly, 2005; Donnelly and Woodruff, 2007). 
Speleothems may capture hurricane records on a range of scales, depending upon their 
growth rate, and must be independently dated using geometric techniques (i.e., U-Th 
isotopes) (Edwards et al., 1986; Frappier et al., 2007; Nott et al., 2007). This study 
examined tree-ring oxygen isotopes as a hurricane proxy because it is exactly dateable 
and has at least seasonal resolution on a centennial to millennial scale. 
This work represents the longest continuous (1710–2004) seasonally resolved 
δ18O tree-ring oxygen isotope chronology for the Southeastern United States, providing 
the opportunity to examine hurricane activity at a site on the Florida Gulf Coast, 
extending to a period of sparse historical documentation. The site is located near 
Pensacola, Florida on the Eglin Air Force Base (Figure 1.3). This site holds the largest 
contiguous tract of old-growth longleaf pine forests in the United States, providing tree-
ring chronologies that extend back to the late 1400s (Henderson, 2006). Hurricanes that 
strike the western panhandle of Florida typically develop or originate in the eastern Gulf 
of Mexico/eastern Caribbean and the western Atlantic (Figure 1.3). Therefore, this site 
differs from those previously examined for tree-ring oxygen isotopes for which 
hurricanes predominantly originate in the central and western Atlantic (Figure 1.3). 
The primary goals of this study are (1) to evaluate the tree-ring oxygen isotope 
proxy where verification with the modern instrumental record is possible, (2) to continue 
the record beyond the period of known historical documentation, and (3) to determine if 
patterns or cycles of hurricane activity emerge over the study period. Verification of the 
proxy has been done in other studies in Georgia (Miller, 2005; Miller et al., 2006) and 
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South Carolina (Chapter 2), but each site has unique characteristics ranging from soil 
type to the origination of storm track. By comparing with those previous studies, the 
present work seeks to identify periods when major changes in storm track occurred. 
Shifts in the predominant storm track may be associated with decadal to multi-decadal 
changes in climate modes that control hurricane development and tracking, such as the 
North Atlantic Oscillation and Atlantic Multidecadal Oscillation. Possible relationships 
between the isotope time series and these climate modes are addressed in Chapter 4.  
3.1.1 Capturing tropical cyclones in tree-ring a-cellulose 
  The oxygen isotope composition (δ18O) of tree-ring cellulose has been used in 
paleoclimatological studies, interpreted as an indicator of temperature, precipitation, and 
environmental change (Epstein and Yapp, 1977; Sternberg, 1989; Saurer et al., 1997; 
Anderson et al., 2002). The factors controlling oxygen isotopes in tree-ring α-cellulose 
include biophysiological fractionations such as photosynthesis, leaf-water or xylem-water 
exchange, and environmental controls, including the amount and composition of 
precipitation, temperature and relative humidity (Epstein and Yapp, 1977; Lipp et al., 
1996; Saurer et al., 1997; Anderson et al., 2002). While such factors must be quantified in 
order to use the tree-ring δ18O values to determine isotopic composition of source water 
precipitation, they become less important when examining a time series of relative 
changes in isotopic composition for a single individual or species at a given site. Within 
that constraint, variations in the isotope composition of tree-ring cellulose will 
dominantly reflect variations in the isotopic composition of source water (i.e., 
precipitation). 
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Tropical cyclones are known to produce precipitation that can be depleted in 18O 
and are distinct from regular storm events (Lawrence and Gedzelman, 1996; Lawrence, 
1998; Lawrence et al., 2002). The δ18O of tropical cyclone surface precipitation is 
variable, often in the range of –5 to –15 ‰ VSMOW. The extent of 18O depletion reflects 
many factors, including the storm’s meteorological history, its overall size and longevity, 
the height of cloud cover, and the location of the rain band within the storm. Depletion of 
18O generally increases towards the eye, with the eyewall relatively enriched in 18O due to 
incorporation of sea spray (Gedzelman et al., 1982; Lawrence and Gedzelman, 1996). 
When the upper right/northeast quadrant of the storm impacts a site, the air near the 
eyewall has not passed through enough 18O-depleted vapor to produce precipitation that is 
18O-depleted. Also, winds that carry sea spray may be a factor in the oxygen isotope 
composition of precipitation as sea spray is relatively enriched in 18O in comparison with 
hurricane precipitation (Gedzelman et al., 1982; Lawrence and Gedzelman, 1996). 
Lawrence (1998) was the first to suggest that low 18O precipitation may be 
incorporated into natural archives such as corals, tree rings, and soil carbonates, and may 
therefore be useful as a proxy for past tropical cyclone activity. Recent studies indicate 
that tree-ring oxygen isotope data reveal information about past tropical cyclone activity, 
seasonal moisture stress, and multidecadal climate modes. A 227-year, seasonally 
resolved tree-ring oxygen isotope time series yielded a record of tropical cyclone events 
that compared well with the modern instrumental record (1940–1990) for hurricane 
activity at the site, as well as the historical record (1770–1940) (Miller, 2005; Miller et 
al., 2006).  
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In addition to the dynamics of the storm, many other factors determine whether 
tree-ring cellulose ultimately captures the low 18O signal associated with tropical 
cyclones. Most importantly, precipitation from the storm must be present on site in order 
for it to be used in tree-growth. Hurricanes are known to have asymmetric precipitation 
patterns, having little to no rain in some parts of the storm. Another contributing factor is 
the initial δ18O of the soil water column.  Soil water may be evaporated quickly during 
drought or periods of moisture stress. This leads to evaporative enrichment of 18O that can 
attenuate the 18O-depleted signal of the tropical cyclone. Also, tree-growth during 
stressed conditions is reduced, producing less cellulose, which leads to thinner rings that 
are harder to sample. These factors may complicate our interpretation of the tropical 
cyclone record; therefore, interpretation is best accomplished by considering 
instrumental, historical, and tree-ring width evidence of concurrent moisture stress.   
3.2 Site Description  
Eglin Air Force Base (EAFB) is the location of the largest tract of old-growth 
longleaf pine forest in the United States, and has provided tree-ring chronologies that 
extend back into the late 1400s (Henderson, 2006). The natural area was originally a 375 
ha tract that has expanded to over 1500 ha. The site is located within the western 
panhandle of Florida, just north of Choctawhatchee Bay and east of Pensacola. Samples 
for this study were collected at a site named “the Donut,” located within the Patterson 
Natural Area (Figure 1.3). The Donut is located within the Western Highlands, where 
topography is gently rolling, with an elevation of no more than 30 m above sea level. 
Soils located within the sample area are from the Lakeland Series, a quartz sand up to 
200 cm thick that has very high infiltration rates (USDA, 2007). For this site, daily, 
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monthly, and annual precipitation and temperature data and monthly PDSI data are 
available for Pensacola Regional Airport (Station 086997, 1948–2004) and Niceville 
(Station 086240, 1948–2004) located in Florida climate division 1 (National Climatic 
Data Center, 2007). The mean annual temperature is 18.3 ºC and the mean annual 
precipitation is about 158 cm (National Climatic Data Center, 2007).  
The tree-ring samples analyzed for this study date into the mid-1500s (Henderson, 
2006). The site was chosen to take advantage of the long, previously established 
chronology, and because of the origination of the hurricane activity that affects the area.  
It is located on the central Gulf Coast and is generally threatened by hurricanes that 
originate over the Caribbean Sea or southwestern North Atlantic (Figure 1.3) (Elsner and 
Kara, 1999).  Only a small percentage of storms that impact this site pass over the 
Bahamas and move across northern Florida into the Gulf.  These storms track differently 
than those presented in Chapter 2 and provide an opportunity to examine changes in 
storm track over time.  
3.3 Methods 
 
Tree cores and cross-sections of longleaf pine used in this research were sampled 
as part of a previous study (Henderson, 2006). Tree-ring width chronologies were created 
using standard dendrochronological techniques (Stokes and Smiley, 1996) and were 
verified using COFECHA (Grissino-Mayer, 2001). At least 20 trees were used for 
crossdating, with two trees being chosen for oxygen isotope analysis (DN020 1940–2004 
and DN003 1710–1952). The samples were chosen based primarily on good earlywood to 
latewood definition.   
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To prepare the samples for oxygen isotope analysis, tree rings were separated into 
earlywood and latewood fractions using a surgical scalpel under a stereozoom 
microscope. Tree rings were shaved at about 40 µm thickness. The α-cellulose extraction 
process followed the methods of Green (1963) with later modifications by Loader et al. 
(1997) for small batch processing. Oxygen isotope analysis of α-cellulose was carried out 
on a Finnigan High Temperature Conversion/Elemental Analyzer (TC/EA) interfaced 
with a continuous flow Finnigan Delta Plus XL isotope ratio mass spectrometer. 
All samples were run in triplicate. About 80–150 µg of cellulose was loaded into 
silver capsules and dropped into the pyrolysis furnace of the TC/EA. Sample pyrolysis 
produces CO gas, which is measured for the 18O/16O ratio, expressed as δ18O per mil (‰) 
relative to VSMOW. A laboratory-working standard (SIGMA cellulose) was measured 
every six samples; the analytical value and reproducibility for the δ18O measurement of 
SIGMA cellulose is 27.34 ‰ ± 0.33 ‰. The oxygen isotope time series were subjected to 
a 1-yr autoregression analysis model to remove short-term autocorrelation and detect 
isotopic anomalies. Residuals (the difference between observed and predicted values) 
were calculated for both the earlywood and latewood of each year. Residuals with a value 
of less than –1 are associated with anomalously low δ18O values, while values between –
0.5 and –1 are still considered somewhat anomalous. Previous studies (Miller, 2005; 
Miller et al., 2006) found that low residuals (< –0.5) in latewood tree-ring cellulose were 
typically associated with tropical cyclone activity. Positive residuals (> 1) were typically 
associated with drought when compared to the Palmer Drought Severity Index. Residuals 
with values between + 0.5 and  +1 were also considered anomalous, as some were 
associated with drought (Miller, 2005; Miller et al., 2006). 
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In a previous study in South Carolina (Chapter 2), 80% of all anomalous values < 
–0.5 were associated with a known tropical cyclone event. Anomalous values are 
evaluated on a site-by-site basis, however, I use < –0.5 as a first pass criterion, since it 
was successful in the previous studies. Higher resolution sampling may help clarify the 
presence of anomalies that fall within a certain range (± 0.5 to ±1). For example, Miller et 
al. (2006) found that a much greater negative isotope anomaly could be measured for a 
given year if the latewood was further subdivided.   
Time series residual values were evaluated with respect to the modern 
instrumental record for this site (1940–2004), as well as historical observations compiled 
in HURDAT and other sources (Jarvinen et al., 1984; Sandrick and Landsea, 2003; 
Chenoweth, 2006). To assess how well the proxy captures evidence of local hurricane 
activity, I evaluated the data to consider what percentage of all hurricanes that tracked 
within 200 km of the study site (Figure 1.3) were represented in the time series as 
anomalous negative residuals (i.e. low δ18O values for tree-ring cellulose). The 200 km 
radius was selected because hurricanes have a “strike circle” of about 232 km (125 
nautical miles) (National Hurricane Center, 2007). However, this radius is somewhat 
arbitrary because isotopic depletions have been seen many 100s of km from the hurricane 
eye (Lawrence and Gedzelman, 1996; Lawrence, 1998; Lawrence et al., 2002; Miller, 
2005; Miller et al., 2006). If a tropical cyclone tracked within 200 km of the site, it would 
be evaluated to see if precipitation fell during the time it occurred within that radius. If 
precipitation was recorded in the daily precipitation records, I hypothesized the tropical 
cyclone would be recorded in the oxygen isotope time series.  
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Within a natural archive, error is expected and in hypothesis testing, two types of 
error were considered. Type I Error (referred to here as “false positives”), occurs when a 
negative residual is not matched to known hurricane activity. Type II (referred to here as 
“missing storms) occurs when hurricanes track within 200 km and are not recorded in the 
oxygen isotope time series. Tropical cyclone events may be “missed” for several reasons: 
(1) if no precipitation fell on site, a storm cannot be recorded in the tree-ring cellulose; 
(2) the hurricane did not produce 18O-depleted precipitation on the site; (3) a concurrent 
drought leading to higher evapo-transpiration rates which would act to attenuate the 
signal from the hurricane and/or produce less latewood growth resulting in less cellulose 
and sampling resolution; and (4) inaccurate track; this is particularly important pre–1940, 
as re-analysis of historical data sometimes results in a significant shift in storm track 
(Landsea et al., 2004; Landsea et al., 2008).  
To evaluate moisture stress events that may occur in years with or without 
tropical cyclone activity, modern instrumental records of PDSI (NCDC, 2008) were used 
to establish when these events occurred. PDSI is a soil moisture index that measures the 
departure of moisture supply from normal and has a range of values from +6 to –6, with 
+4 being extremely wet and –4 being extremely dry. Because PDSI is a regional record 
of moisture stress, it is most useful as a general guide for environmental conditions. The 
oxygen isotope record of tree-ring cellulose, however, will reflect local conditions of 
moisture stress, which may be associated with regional events.  
A false positive is a case where negative residuals occurred in a year where a 
storm did not come within 200 km. The first step in the case of a false positive was to 
look outside the 200 km radius for storms that may have produced precipitation on site. 
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Previous studies recorded storms whose eyes tracked up to 400 km away (Miller, 2005; 
Miller et al., 2006). If no other storms tracked close and produced precipitation, alternate 
explanations (i.e. climate modes) were sought. In years beyond modern instrumental data 
(1850–1940), false positives may represent storms that have incomplete documentation, 
especially of their track.  
3.4 Results 
 Results are presented for three periods: (1) the modern verification period (1940–
2004), for which isotopic results can be evaluated against instrumental measurements of 
hurricane tracks, daily precipitation, and regional PDSI, (2) comparison of data against 
the period of extensive historical documentation of events (1850–1950); hurricane tracks 
for this period are less well-established, and (3) a period for which historical tropical 
cyclone data and tracks are sparsely documented (1710–1849).  
3.4.1 Modern Verification (1940–2004) 
 
DN020 (1925–2004) was a partial cross-section taken from a living tree and was 
chosen for isotopic analysis because it had good definition between the earlywood and 
latewood.  During this period, the δ18O values for earlywood range from 30.3–35.1 ‰ 
and 29.3–33.7 ‰ for latewood, with the average being 32.3 ± 2.1 (2σ) ‰ and 31.6 ± 1.9 
(2σ) ‰, respectively (Figure 3.1). Differences in the isotopic composition of earlywood 
and latewood (Δ18O) or “seasonality” reflect seasonal (spring to early summer vs. late 
summer to fall) differences in either temperature or source moisture composition. From 
1940–2004, there is a dramatic step-wise change in seasonality that occurs around 1970 

















Figure 3.1-Oxygen isotope values of earlywood and latewood tree-ring α-cellulose for 
Eglin Air Force Base, Florida, 1940–2004, Sample ID DN 020. Variability in the δ18O of 
tree-ring cellulose in each time series mainly reflects changes in source water (i.e. 













Figure 3.2- Δ18O = δ18O earlywood–δ18O latewood (blue line) with 5-year running 
average (black line) for Eglin Air Force Base, Florida, 1940–1996. Δ18O reflects 
differences in average seasonal (i.e. during earlywood vs. latewood growth) source water 
compositions and temperature. The abrupt change at about 1970 indicates a significant 
change in climate patterns.   
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 AR-1 modeling of the latewood for this time series reveals anomalous positive and 
negative residuals that are interpreted and matched to known extreme events (Figure 3.3 
and Table 3.1).  
3.4.2 1850–1950 
For the years 1850–1950, a different sample, DN003, was used (Figure 3.4 A). I 
measured thirteen years (1940–1952) of overlap between this sample and sample DN020, 
which matched poorly (Figure 3.4 B). The δ18O values for earlywood range from 30.6–
35.9 ‰ and 30.2– 37.3 ‰ for latewood; with the average being 33.9 ± 1.6 (2σ)  ‰ and 
33.4 ± 1.9 (2σ)  ‰, respectively (Figure 3.4). Seasonality was variable during this time, 
with a small change from 1930–1950 (Figures 3.5). AR-1 modeling of the latewood for 
this time series reveals anomalous positive and negative residuals that are interpreted and 
matched to known extreme events (Figure 3.6 and Table 3.1).   
 3.4.3 1710–1849 
For 1710–1849, the same sample, DN003 was used. The δ18O values range from 
31.8–37.3 ‰ for earlywood and 30.8–35.3 ‰ for latewood; with average values of 34.3 
± 1.9 (2σ)   ‰ and 32.9 ± 1.9 (2σ) ‰, respectively (Figure 3.7). Seasonality was fairly 
stable (Figure 3.8) and the anomalous residuals are interpreted as extreme events (Figure 
3.9). 
3.5 Discussion 
3.5.1 Instrumental Verification of Isotope Proxy Results (1940–2004) 
The period from 1940–2004 encompasses a period when modern instrumental 
data provide an accurate knowledge of hurricane track, daily precipitation records, and 


















Figure 3.3-Latewood residuals for Eglin Air Force Base, Florida 1940–2004. Red lines 
indicate hurricane activity that came within 200 km of Eglin Air Force Base, while green 
lines indicate tropical storms. Orange lines represent years of regional drought as 
indicated by Palmer Drought Severity Index (PDSI) values. Black lines are years in 
which a hurricane event (< 200 km) coincided with a period of drought and may be 
masked by an opposite signal. Blue lines indicate years where no hurricane activity came 
within 200 km. Solid black horizontal lines define significant anomalies (> +1 or < –1); 
similar residual values have been previously determined to be related to tropical cyclone 
activity (Miller et al., 2006; Chapter 2). The region between dashed and solid lines 
indicate possible anomalies (> +0.5 or < –0.5), and are more difficult to interpret, but 
may include years marked by a tropical cyclone event. Nine of the eleven extreme 







Figure 3.4-(A):  Oxygen isotope values of earlywood and latewood tree ring α-cellulose 
for Eglin Air Force Base, Florida (DN 003), 1850–1950. Variability in the δ18O in each 
time series mainly reflects changes in source water composition and temperature, which 
may be subsequently altered by soil water evaporation or other local effects. (B): Overlap 



















Figure 3.5- Δ18O = δ18O earlywood–δ18O latewood (blue line) with 5-year running 
average (black line) for Eglin Air Force Base, Florida 1850–1950. Δ18O reflects 
differences in average seasonal (i.e. during earlywood vs. latewood growth) source water 
compositions and temperature.  Tree rings from the period of about 1917–1925 were very 
narrow and were sampled as an entire ring, making the difference zero.  The Δ18O for this 
period is less pronounced (meaning the δ18O values for earlywood and latewood are more 

















Figure 3.6- Latewood residuals for Eglin Air Force Base, Florida 1850–1950. Red lines 
indicate hurricane activity that came within 200 km of EAFB. Orange lines represent 
drought years as indicated by Palmer Drought Severity Index (PDSI). Prior to 1900, 
PDSI values rely on tree-ring reconstruction, yellow lines indicate a regional drought 
indicated by tree-ring reconstructed PDSI. Blue lines indicate years where no hurricane 
activity is known to have tracked within 200 km of EAFG. Solid black horizontal lines 
define significant anomalies (> +1 or < –1); similar residual values have been previously 
determined to be related to tropical cyclone activity (Miller, 2005; Miller et al., 2006; 
Chapter 2). The region between dashed and solid lines indicate possible anomalies (> 
+0.5 or < –0.5), are more difficult to interpret, but may include years marked by a 
tropical cyclone event. Note that tracks are less well established for this time and 


















Figure 3.7-Oxygen isotope values of earlywood and latewood tree-ring α-cellulose for 
Eglin Air Force Base, Florida 1710–1849, Sample DN 003. Variability in the δ18O of 
cellulose in each time series mainly reflects changes in source water composition, which 

















Figure 3.8- Δ18O = δ18O earlywood–δ18O latewood (blue line) with 5-year running 
average (black line) for Eglin Air Force Base, Florida, 1710-1849. Δ18O reflects 
differences in average seasonal (i.e. during earlywood vs. latewood growth) source water 

































Figure 3.9- Latewood residuals for Eglin Air Force Base, Florida 1710–1850, DN 003. 
Red lines indicate hurricanes documented in historical documents. In these cases, the 
track of the hurricane is not known and the event is established at sites nearby but not 
necessarily coincident with study site. Purple lines are assumed tropical cyclone events. 
Yellow lines are where tree-ring reconstructed PDSI indicates a regional drought. Solid 
black horizontal lines define significant anomalies (> +1 or < –1); in previous studies, 
similar residual values were related to tropical cyclone activity (Miller et al., 2006; 
Chapter 2). The region between dashed and solid lines indicate possible anomalies (> 
+0.5 or < –0.5), are more difficult to interpret, but may include years marked by a 
tropical cyclone event.   Note that tracks are less well established or not established at all 
for this time and I do not have precipitation data for the study site.
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Table 3.1- Hurricanes that came within 200 km of Eglin Air Force Base, Florida. From 1950–2004, the sample DN020 was 
used and for 1895–1950 sample DN003 was used. 
       








       
1950 BAKER 1 175 15.98 –1.42 2.00 
1953 FLORENCE 2 50 17.78 0.03 –0.89 
1956 FLOSSY 1 25 7.62 –1.80 0.62 
1959 TS IRENE TS 100 3.05 2.45 –1.38 
1960 ETHEL 5 just outside 200 15.24 1.17 –1.01 
1964 DORA 1 (4) 200 7.79 2.91 –1.03 
1965 TS #1 TS 100 2.79 2.72 –0.61 
1969 CAMILLE 5 just outside 200 6.78 1.56 –1.01 
1970 TS BECKY TS 100 2.54 1.34 –1.14 
1971 EDITH TS (5) just outside 200 2.30 –1.19 –0.57 
1972 AGNES 1 175 5.54 –1.28 1.67 
1975 ELOISE 3 50 8.94 3.34 0.34 
1979 FREDERICK 4 200 8.33 2.28 –1.46 
1985 KATE/ELENA 3 2 125 7.04 1.67 –0.48 
1992 ANDREW 5 just outside 200 1.37 1.24 –1.55 
1995 OPAL 3 50 1.37 2.01 –1.97 
1997 DANNY 1 125 17.78 1.97 –0.54 
1998 EARL 2 175 5.08 –0.94 0.97 
1958  False Positive        –1.26 
1967 False Positive         –0.59 
1982 False Positive         –0.69 
1983 False Positive         –2.19 
2003 False Positive         –1.78 
       
Note:  * Maximum (at impact), TS = Tropical storm
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1851 #4 3 125 NA –0.45 –0.09 
1852 #5 2 175 NA –0.02 –1.27 
1856 #5 3 100 NA –0.21 –0.42 
1860 #1 3 100 NA –1.04 0.93 
1863 TS #9 TS just outside 200 NA 0.55 –0.92 
1867 #7 1 150 NA 1.04 –2.35 
1871 #3, #7 1 175 NA 1.31 0.72 
1877 #2, #4 3 25 NA –0.37 –1.06 
1880 #8 1 75 NA 0.30 –0.42 
1882 #2 3 25 NA 0.87 –0.44 
1886 #3 2 175 NA 1.20 0.46 
1887 #10 1 25 NA –1.72 0.31 
1888 #7   just outside 200 NA –0.38 –0.83 
1889 #6 1 175 NA 0.17 0.52 
1893 #1 2 175 NA –0.39 –0.15 
1894 #5 3 100 NA –0.28 –0.46 
1896 #1 2 25 NA –0.58 –3.04 
1898 #1 1 75 NA –2.35 0.31 
1899 #2 2 175 NA –0.41 –2.37 
1901 #4 1 200 NA –0.60 0.35 
1902 #4 TS 200 NA –1.04 –1.27 
1903 #3 1 100 NA –0.34 –0.65 
       
Note: * Maximum (at impact), TS = Tropical storm, NA = Not Available   
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1907 TS #1, #3 TS 200 NA –1.45 0.06 
1909 TS #3 TS just outside 200 NA –0.71 –0.14 
1911 #2 1 100 NA –0.19 –1.93 
1912 #4 1 200 NA –0.49 2.17 
1915 #4 1 150 NA –0.45 –0.82 
1916 #3 3 100 NA –0.66 0.81 
1917 #2 2 25 NA –1.50 0.03 
1924 #4 1 100 NA –0.24 –0.63 
1926 #1 3 75 NA –0.24 0.35 
1929 #2 1 175 NA 1.16 0.75 
1932 #3 1 125 NA 1.44 0.05 
1936 #5 1 50 NA –0.32 –0.25 
1939 #2 1 125 NA 0.79 0.31 
       
Note: * Maximum (at impact), TS = Tropical storm, NA = Not Available 
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precipitation on site, I hypothesized it would be recorded as anomalously low values in 
the oxygen isotope proxy. These data were used to determine the percentage of storms 
captured by the proxy. The percentage provides a minimum estimate of local tropical 
cyclone events recorded by the oxygen isotope proxy.  
In this period, 11 hurricanes came within 200 km of the site, all producing 
precipitation; seven (63%) were recorded (residual < –0.5) (Table 3.1). Three tropical 
storms were recorded (Table 3.1). Six hurricanes were not recorded as negative residuals: 
Hurricane Baker (1950), Hurricane Flossy (1956), Hurricane Agnes (1972), Hurricane 
Eloise (1975), Hurricane Kate/Elena (1985), and Hurricane Earl (1998) (Table 3.1). 
When looking outside the 200 km radius, an additional 4 events were matched to 
negative anomalies (< –0.5), leaving seven false positives. Overall, 65% of negative 
residuals matched to known tropical cyclone activity.  
For the hurricane events not recorded, precipitation records, and PDSI values 
were investigated to explain these “missing storms” (i.e. no precipitation, drought, 
original dynamics of storm). Hurricane Baker (1950) produced 16 cm of rain, Hurricane 
Flossy (1956) produced about 7.5 cm, and Hurricane Agnes (1972) produced 5.5 cm of 
rain, but PDSI values indicate a moderate drought for all of these years. Hurricane Eloise 
(1975) and Hurricanes Kate/Elena (1985) produced rain and PDSI do not indicate a 
drought. Hurricane Earl (1998) produced rain and PDSI values indicate a weak to 
moderate drought (Table 3.1).  
During periods of drought, significant evaporation occurs, which leads to 
relatively rapid enrichment of soil water in 18O. This enrichment of 18O may attenuate any 
low 18O compositions in soil water resulting from tropical cyclone precipitation input. 
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This process is likely amplified at the EAFB site due to the rapidly drained, sandy soils. 
However, it should be noted that one tropical cyclone, Edith (1971), was recorded even 
though moderate drought occurred.  
Hurricanes Baker (1950), Flossy (1956), Agnes (1972), Eloise (1975), and Earl 
(1998) were all either direct hits or close to direct hits, with the upper right/east quadrant 
of the storm affecting the Florida panhandle. Recent studies suggest storms that have a 
direct impact (landfall site is very close to the eye) may have precipitation that is 
enriched in 18O (Gedzelman et al., 2003; Lawrence et al., 2004; Lawrence et al., 2006).  
In the upper right/east quadrant of the storm, air has not passed through enough 18O-
depleted vapor to produce precipitation that is 18O-depleted. Also, winds that carry sea 
spray may affect the oxygen isotope composition of precipitation as sea spray is 
relatively enriched in 18O compared to hurricane precipitation. As the storm tracks inland, 
it becomes more depleted in 18O. Therefore, this could be an explanation for missing 
Baker, Flossy, Agnes, Eloise, and Earl. Also, Flossy, Agnes, and Eloise all tracked over 
Georgia, but were not recorded in the tree-ring isotope proxy there (Miller, 2005; Miller 
et al., 2006). 
Years with false positives (<–0.5, did not match to a known hurricane event) 
include 1958, 1967, 1982, 1983, 1989, 2003, and 2004. These types of anomalies have 
been seen in previous studies (Miller, 2005; Miller et al., 2006; Chapter 2). The anomaly 
in 1958 is present in both Florida and Georgia. The 1982 and 1983 anomalies are present 
in Florida and both sites in South Carolina. At this time, limited hypotheses can be 
formed about the causal mechanism of these false positives, however 1958, 1982, 1983, 
2003, and 2004 are coincident with El Niño events.  
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3.5.2 1850–1950 
The period of 1850–1950 represents a time for which reasonable records of 
hurricane activity have been documented, primarily in HURDAT (Jarvinen et al., 1984) 
(through analysis of historical documents). No precipitation data are available at the 
study site; therefore it is not possible to ascertain if a hurricane produced precipitation on 
site. Palmer Drought Severity Index data (instrumental) are available through 1895 
(NCDC, 2008) and prior to 1895 through a tree-ring reconstructed index (Cook et al., 
1999).  
During this period, 34 hurricane events reportedly tracked within 200 km of the 
site, only nine of which are recorded (28%). Three additional storms were recorded that 
tracked just outside of 200 km, leaving five negative residuals that are considered false 
positives. Therefore, 72% of the negative anomalies are matched to known tropical 
cyclone activity. This percentage is likely lower because I cannot know which of these 
storms produced precipitation. There are other likely explanations for missing storms, as 
described below.  
There were 22 years when tropical cyclones are reported to have tracked within 
200 km of the site, but are not recorded in the oxygen isotope proxy (Table 3.1). Seven of 
these years are coincident with PDSI values that indicate a moderate drought, possibly 
attenuating the hurricane signal from these storms. Two of these years (1882 and 1912) 
had residual values of –0.44 and –0.49. An additional five years (1856, 1880, 1893, 1899, 
1915) had negative residuals ranging from –0.39 to –0.49 (Table 3.1). In ring-width 
analysis specific to this site, periods of multi-decadal dry spells were found to occur from 
1876–1930, when the majority of these tropical cyclones are missed (Henderson, 2006). 
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In fact, the 1917–1925 tree rings were extremely narrow and could not be sampled at 
seasonal resolution.  
 False positives include 1876, 1884, 1890, 1892, 1905, and 1948. Again, limited 
hypotheses can be formed about the causal mechanism of these false positives. However, 
1884 and 1905 are coincident with strong El Niño years, which may bring in precipitation 
from different sources or may produce a significant amount of precipitation resulting in 
an “amount effect,” where long-lived precipitation systems are depleted in 18O over time.  
3.5.3 1710–1849 
 For this period, historical documentation of tropical storms is still available, but 
the impact of tropical cyclones during this time may be noted only for a general or very 
limited geographical location. The data are sparsely distributed in documents such as ship 
logs, diaries, and newspaper accounts. Many times this information is passed from source 
to source and can sometimes be incorrect by a month and in some cases, even the wrong 
year. Much work remains to be done to fully uncover historical data.  
 Barnes (2007) combined all historical work to date and this is currently the best 
documentation specifically for peninsular Florida. Muir (2004) put together a history of 
west Florida hurricanes for the 18th century. These sources, in combination with the work 
of Chenoweth (2006; a reanalysis of past historical documents), were used to document 
storms for 1710–1849.  
On the basis of these sources, I note historical documentation of several storms 
identified by the isotope proxy. In August 1716, a ship set out from St. Augustine but the 
mission was delayed by a hurricane. In September of 1722, a strong September hurricane 
created a swath of devastation all the way to Mobile. The hurricane “likely swept the 
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settlement at Pensacola as well” (Barnes, 2007). Other storms that have been documented 
in the historical archives and recorded by the tree-ring oxygen isotopes proxy include 
1733, 1766, 1821, 1830, 1843, and 1846. There are 15 years with documented storms that 
tracked near Florida, but are not recorded in the proxy. Without proper track and 
precipitation data, it is difficult to determine if there are reasonable explanations why 
these storms are not recorded.  
There are 15 years with negative residuals of less than –1 without a documented 
tropical cyclone for the Florida panhandle. Historical research in the Caribbean has 
revealed two very active periods of tropical cyclone events: 1766–1780 and 1800–1830 
(Garcia-Herrera et al., 2005). The data presented here also reveal high activity during 
these times with five events (1765, 1771, 1775, 1776, 1782) roughly coinciding with 
1766–1780 and seven events (1802, 1806, 1814, 1829, 1832, 1833, and 1834) coinciding 
with 1800–1830. Based on the high percentages of residuals less than –1 being associated 
with tropical cyclone activity, I infer that the majority of these events are likely be a 
tropical cyclone events. If so, these data may help guide future work in historical 
documentation.  
3.5.4 Indicators of Moisture Stress  
 During times of increased aridity, decreased precipitation, or a combination of 
both, trees can become moisture stressed. The Palmer Drought Severity Index (PDSI) is a 
measure of moisture deficit in the soil column and measurements for it date to 1895. 
Evaporation will drive off the lighter isotope of 16O, leaving the remaining water in the 
soil column enriched in 18O. Therefore, during times of increased aridity or temperature, 
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water that is enriched in 18O is used in the production of tree-ring cellulose. Compared to 
normal years, times of moisture stress are recorded as positive residuals (> +0.5).  
 For Florida, the instrumental PDSI record indicates a regional drought for 35 
years (Table 3.2). In the tree-ring isotope proxy, only nine of these are inferred to be an 
annual drought, occurring in both the earlywood and latewood. An additional five of 
these years are recorded as earlywood (spring) droughts, with another 10 recorded as 
latewood (fall) droughts. That leaves 11 years in which the tree-ring isotope proxy does 
not indicate a drought. Of those 11 years, five of them occurred during years where a 
known hurricane event impacted the site.  
 Overall, a drought as indicated by PDSI is matched to a drought in the isotope 
proxy 68% of the time. The five years that occurred during a hurricane event suggests 
that the 18O-depleted precipitation of hurricanes can attenuate a drought signal. It is 
important to note that the tree-ring isotope proxy will reveal only local moisture stress 
conditions; however, those local events can of course, be coincident with regional events. 
The tree-ring isotope proxy provided evidence of local drought. Annual local droughts 
occurred in 11 years (Table 3.3), earlywood or spring droughts in 19 years (Table 3.4), 
and latewood or late summer-fall droughts occurred in 35 years (Table 3.5). No patterns 
emerged in the annual droughts, while several of the earlywood and latewood droughts 
occurred during a multidecadal dry period from 1876–1930, as indicated by ring-width 
analysis of trees from this site (Henderson, 2006).  
3.5.5 “Seasonality” 
Differences in the isotopic composition of earlywood and latewood reflect 
seasonal (spring to early summer vs. late summer to fall) differences in either temperature
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Table 3.2- For Florida, drought events compared to instrumental PDSI.  
 
Year PDSI EW Residual LW Residual 
    
    
1896 -2.50 0.21 -0.58 
1897 -2.39 0.32 1.17 
1898 -1.44 0.66 -2.35 
1899 -1.12 -3.45 -0.41 
1904 -2.51 0.77 0.89 
1905 -1.23 -2.54 -3.35 
1908 -1.18 -0.52 0.75 
1909 -1.05 0.25 -0.71 
1910 -1.87 1.30 -0.47 
1911 -2.13 0.30 -0.19 
1914 -1.09 0.90 0.53 
1916 -1.14 0.14 0.81 
1917 -1.40 -0.30 0.03 
1918 -1.14 0.15 0.53 
1921 -2.21 -0.67 -0.36 
1922 -2.11 -0.25 0.13 
1925 -1.15 0.78 1.19 
1927 -3.31 -0.01 0.87 
1931 -1.93 -0.04 0.08 
1934 -2.87 -0.35 0.05 
1938 -1.92 0.69 1.34 
1943 -1.47 0.78 1.45 
1945 -1.19 0.13 0.75 
1950 -1.79 1.62 2.00 
1951 -2.05 0.09 -0.30 
1952 -1.72 0.78 0.98 
1954 -3.11 -0.45 1.48 
1955 -4.35 1.24 -0.20 
1956 -2.68 -0.60 0.60 
1962 -2.10 1.30 1.00 
1963 -1.52 -0.20 -0.10 
1968 -2.10 0.20 0.50 
1971 -1.08 0.90 -0.50 
1981 -1.74 0.20 1.40 
2000 -1.49 0.63 0.86 
    
Note: EW = Earlywood, LW = Latewood 
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Table 3.3-Annual droughts that occurred locally at Eglin Air Force Base for 1710–2004 
as indicated by positive residuals of > + 1.0.  
 
YEAR EW LW 
   
   
1735 1.21 1.08 
1756 1.77 1.62 
1790 1.07 1.01 
1809 1.27 1.10 
1913 2.14 1.28 
1950 1.62 2.00 
1961 2.07 1.34 
1962 1.36 1.04 
1987 1.27 2.05 
1993 1.50 1.72 
1999 1.14 1.34 
   
Note: EW = Earlywood, LW = Latewood 
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Table 3.4-Earlywood droughts that occurred locally at Eglin Air Force Base for 1710–

























Note: EW = Earlywood, 
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Table 3.5-Latewood droughts that occurred locally at Eglin Air Force Base for 1710–









































Note: EW = Earlywood 
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or source moisture composition. From 1940–2004, a distinct event occurred in 
seasonality around 1970. This abrupt shift is primarily caused by a shift in the average 
δ18O of the earlywood to more depleted values; however, a very subtle change can be 
seen in the δ18O of the latewood to slightly more enriched values.  
The significant shift in the earlywood (approximately 1.2 ‰) could be related to 
either a temperature or moisture source change. There is an average spring (January-
June) temperature change of about 0.3 °C, but a change this small is not significant 
enough to change the δ18O values of the tree-ring oxygen isotopes by 1.2 ‰. I used a 
model developed by Roden et al. (2000) to predict the δ18O of tree-ring cellulose to 
demonstrate the temperature difference needed to impart such a large change. I held all 
other model parameters constant, and only changed temperature. A 5 °C change in 
average temperature would produce a change of 0.39 ‰ in the δ18O-values of the 
cellulose. Therefore, a greater than 5 °C temperature change would be needed to change 
the δ18O value of the cellulose by 1.2 ‰. Since the actual temperature change recorded 
instrumentally was only 0.3 °C, it is unlikely that temperature caused the shift in the 
oxygen isotope time series. Therefore, the most likely cause of this change is one of 
moisture source.  
3.5.6 Comparing Florida to Georgia 1770–1997 
The Valdosta, Georgia study area (Miller, 2005; Miller et al., 2006) is located 
approximately 380 km from EAFB and tropical storms will have the potential to affect 
both of these areas (Figure 1.3). For the period (1850–1997), 30 events tracked within 
both study areas (Table 3.6). Hurricanes recorded at both sites include Hurricane 1/5 
(1852), Hurricane 7 (1867), Hurricane 2/4 (1877), Hurricane 7 (1888), Hurricane 4  
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Table 3.6-A comparison of hurricanes from Eglin Air Force Base, Florida (FL) and 
Valdosta, Georgia (GA) for 1770–1997.  
 
Year Hurricane FL Residual GA Residual Recorded 
     
 
1851 #4 -0.09 0.12 No 
1852 #5 -1.27 -2.04 both 
1856 #5 -0.42 0.58 Florida 
1860 #1 0.93 1.40 No 
1867 #7 -2.35 -1.16 both 
1871 #3, #7 0.72 -2.26 Georgia 
1877 #2, #4 -1.06 -1.20 both 
1882 #2 -0.44 0.08 No 
1886 #3 0.46 -1.63 Georgia 
1888 #7 -0.83 -0.81 both 
1889 #6 0.52 -0.06 No 
1893 #1 -0.39 -0.36 similar 
1894 #5 -0.28 -0.09 No 
1896 #1 -0.58 0.40 Florida 
1898 #1 -2.35 -0.15 Florida 
1899 #2 -0.41 1.03 Florida 
1902 #4 -1.04 -1.20 both 
1907 TS #1, #3 -1.45 1.04 Florida 
1909 TS #3 -0.71 2.24 Florida 
1915 #4 -0.45 1.09 No 
1924 #4 -0.63 -0.25 Florida 
1926 #1 0.35 1.19 No 
1929 #2 0.75 -0.28 No 
1939 #2 0.31 -0.45 No 
1953 Florence -0.89 -3.02 both 
1956 Flossy 0.62 0.87 No 
1958 False Positive  -1.95 both 
1970 Becky -1.14 0.24 Florida 
1972 Agnes 1.67 -1.12 Georgia 
1975 Eloise 0.34 0.18 No 
1985 Kate -0.48 -0.32 similar 
     
Note:  TS = Tropical Storm 
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(1902), and Hurricane Florence (1953). Eight of the storms are recorded only in Florida, 
while three are recorded only in Georgia. Events (13) tracked over both sites that were 
not recorded at either (Table 3.6). Combining the data from both sites records 56% of the 
storms that tracked over both sites from 1850–1997. Negative residuals were also 
observed at both sites in 1958, not associated with a tropical storm event and should be 
considered a false positive in both sites.  
 Prior to 1850, negative residuals were recorded at both sites in 1776, 1795, 1821, 
1847, and 1849. With the exception of 1821, these years are not associated with 
historically documented storms and may be evidence for tropical cyclones occurring in 
these years. Another interesting comparison between these two sites revealed the period 
from 1850–1950 saw a dramatic reduction in the percentage of hurricanes that were 
recorded. When examining the reduction on a decadal basis, each site saw great 
reductions in number of storms recorded from 1880–1900 and 1910–1930. These periods 
are roughly coincident with a cool phase of the Pacific Decadal Oscillation (1890–1924). 
In the Southeast, the cool phase of the PDO brings warm, dry conditions (Mantua, 2000). 
Cool phase PDO may also enhance hurricane activity by reducing vertical wind shear. I 
suggest that cool phase PDO enhances hurricane development, however it brings dry 
conditions to the Southeastern U.S. The dynamics together produce a situation where 
more hurricanes are there to be recorded, but more are missed because of attenuation of 
the signal.  
Positive residuals (> +0.5) indicate periods of moisture stress, which can be 
related to drought conditions. A comparison of positive residuals between Georgia and 
Florida reveal that regional, annual droughts (in both EW and LW) occurred in 1913, 
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1962, and 1987 (Table 3.7). There is evidence for regional earlywood, or spring droughts, 
in 1851, 1873, and 1955. Latewood, or summer-fall droughts, were recorded in 1808, 
1897, and 1981 (Table 3.7).  
3.6 Conclusions 
 With coastal populations increasing and the inherent risk associated with tropical 
cyclones, the need to determine cycles in hurricane frequency is desperately needed. Few, 
if any, proxies can provide the exact dating and resolution possible in tree-rings for 
periods ranging over 500–1000 years. From the evidence provided by this study, the 
South Carolina record already presented (Chapter 2), and previous studies (Miller, 2005; 
Miller et al., 2006), it is clear that the tree-ring oxygen isotope proxy records a minimum 
estimate of tropical cyclone events. The oxygen isotope record will obviously not capture 
every storm, whether it be caused by lack of precipitation or attenuated by drought, 
therefore, it is better used as a positive indication of a storm or minimum activity. 
An interesting result of this study is that the minimum estimate of hurricane 
activity is stochastic over time. In the modern verification period, all sites captured a 
similar percentage of hurricane events that tracked within 200 km. However, in the 
period of 1850–1950 in both Florida and Georgia, the percentage of hurricane activity 
recorded decreases dramatically. The greatest reduction in number of storms recorded 
appears to be coincident with a cool phase of the PDO that lasted from 1890–1924. Cool 
phase PDO affects the climate of the southeast with cool and dry conditions (Mantua, 
2000) and may increase Atlantic hurricane activity by reducing vertical wind shear. 
These factors may be responsible for the results seen in both the Georgia and Florida 
sites. 
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Table 3.7-A comparison of moisture stress (drought) events from Eglin Air Force Base, 
Florida (FL) and Valdosta, Georgia (GA) for 1770–1997.  
 
 
Year FL EW residual GA EW residual FL LW residual GA LW residual 
     
 
1913 2.14 2.21 1.28 1.2 
1962 1.36 1.67 1.04 2.14 
1987 1.27 2.21 2.05 4.02 
EW Only     
1851 1.07 1.67   
1873 1.26 1.68   
1955 1.24 3.21   
LW Only     
1808   2.2 1.08 
1897   1.17 1.47 
1981   1.4 2.65 
     
















Again, false positives were encountered, at Florida in the years 1958, 1967, 1982, 
1983, and 2003. All but 1967 are coincident with El Niño events. The events occurring in 
1982 and 1983, one of the strongest El Niño events on record, were recorded at all of the 
sites. One hypothesis to explain the anomalous negative residuals is that strong El Niño 
events cause a change in source moisture region, enough to produce a recordable 
difference in the 18O of precipitation. El Niño is known to shift the jet stream to a more 
southerly position, causing northern storm tracks to move further south. This brings 
storms from higher latitudes and across the continent. The precipitation would likely be 
isotopically depleted in 18O due to a combination of latitude, amount, and continentality 
effect.  
While false positives occur at all sites in this study, they are more numerous at 
Eglin Air Force Base, possibly due to the numerous competing moisture sources from the 
Pacific, Gulf, and Atlantic. Whether these “false positives” truly represent random 
(stochastic) error needs further consideration. There are several physical-chemical 
processes that may result in a significant depletion of 18O in precipitation, including other 
climatological events (polar outbreak, microbursts, monsoonal rains). A major 
temperature anomaly or moisture source change may also appear to deplete typical 
isotopic ratios. A definitive cause of the false positive is not currently clear, but future 
work may help to better understand these events. 
The identification of periods of multiple negative anomalies inferred to be 
hurricane events in both Georgia and Florida provide strong evidence for an increase in 
hurricane activity during these periods. Increase in activity is seen in both of these 
records, and also match relatively well to increases seen in the Caribbean and Lesser 
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Antilles. I know that the activity recorded by the proxy represents only a minimum 
estimate because the proxy does not record all storms. Other than short periods of 
increased activity, the data do not support an increasing trend in the number of tropical 
cyclones over the past ~300 years. If anything, the data suggest a decline in number of 
events over the last century. This decline is consistent with recent studies of US landfall 
rates (Landsea et al., 1999; Elsner et al., 2004) and proxy reconstructions for Puerto Rico 
(Nyberg et al., 2007) and the Lesser Antilles (Chenoweth and Divine, 2008).  
Data from the tree-ring oxygen isotope proxy, at this time, cannot fully answer the 
question of the effects of anthropogenic change on hurricane activity. The effects of 
anthropogenic global warming may come in the form of an increase in intensity and this 
proxy cannot determine if there is a change in intensity over time. Again, it does show 
that hurricane frequency is variable over time and suggests that the recent increase is not 
anomalous, or more likely, is not an increase.  
Opportunities for future research include: (1) extending the length of tree-ring 
oxygen isotope time series across the Southeastern United States; (2) expanding the 
spatial distribution of tree-ring oxygen isotope time series across the Southeastern United 
States; (3) in-depth site analysis of the 18O of soil water and physical mechanisms which 
may deplete the soil water column of 18O or alter/attenuate the isotopic composition of 
precipitation input into the soil. More studies of this kind are needed to create better 
spatial and temporal records of hurricane activity, to better understand the nature of the 
tree-ring oxygen isotope proxy, and to help determine the role of past and future climate 
change on hurricane activity.  
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CHAPTER 4  
Large-Scale Climate Oscillations Recorded in Tree-Ring Oxygen 





Seasonally resolved tree-ring oxygen isotope time series from longleaf pine across the 
Southeastern United States reveal oscillations that occur on interannual to multidecadal 
scales. Spectral and wavelet analyses of these data reveal frequencies similar to those of 
the Quasi-Biennial Oscillation, the El Niño-Southern Oscillation, and the North Atlantic 
Oscillation. A major shift in the oxygen isotope data in the 1960s in both Florida and 
South Carolina are concurrent with climate shifts seen globally that are linked to the 
Pacific Decadal Oscillation and/or the Atlantic Multidecadal Oscillation. Spectral 
analysis of the Florida time series also reveals 11- and 22-year cycles that are similar to 
sunspot and Hale Solar Cycles. A simple count of storms revealed the majority of 
hurricanes recorded in South Carolina occurred during positive NAO, and the majority 
recorded at Florida during negative NAO. Interestingly, the majority of hurricanes 
recorded at all sites occurred during cool phase PDO. However, in Florida and Georgia, 
the percentage of storms recorded decreases. Here, I suggest that cool phase PDO 
increases hurricane frequency by reducing vertical wind shear, but also brings dry 
conditions to the Southeast, causing an attenuation of the hurricane signal. No 
relationship was evident between hurricane events recorded in the proxy and the AMO. 
An interesting result, as some suggest that AMO is the cause of a recent rise in hurricane 
activity. The results of this study confirm that the tree-ring oxygen isotope time series can 
be used to examine climate modes affecting the Southeastern United States. Future work 
should focus on greater sampling and place emphasis on better understanding the 




 Climate is a primary factor that affects tree growth, and therefore the production of 
tree-ring cellulose. This has long been the basis of dendrochronological (tree-ring based) 
studies of climate and the environment (Fritts, 1976). Previous studies of tree rings and 
climate in the Southeastern United States are limited, primarily because of young age 
structure and poor preservation potential (Lodewick, 1930; Wiley, 1937; Stahle et al., 
1985, 1988, 1998; Grissino-Mayer and Butler, 1993; Grissino-Mayer et al., 2001; 
Henderson, 2006).  
 Regional climate reconstructions have been attempted using baldcypress, which 
was used as a proxy for summer drought and spring rainfall (Stahle et al., 1988, Stahle 
and Cleaveland, 1992; Stahle and Cleaveland, 1994; Stahle et al., 1998). Several ring-
width studies conducted in the southeast showed that the primary factor that influences 
radial growth was current year growing season rainfall, with no significant correlations to 
temperature (Lodewick, 1930; Grissino-Mayer and Butler, 1993; McClenahen and 
Vimmerstadt, 1993). Henderson (2006) also found precipitation as the primary factor that 
controls tree growth, with July precipitation having the most significant positive 
relationship to total ring width. Previous-year September to November and current-year 
May and September precipitation also showed positive and significant relationships to 
ring width (Henderson, 2006).  
 The results of these studies are not surprising as the Southeastern United States 
Coastal Plain has a fairly uniform humid, subtropical climate. Only modest temperature 
differences occur across the growing season. For example, at McClellanville, South 
Carolina, the minimum/maximum average temperatures for May–June are 13 ºC and 25 
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ºC and for July–November they are 18 ºC and 28 ºC. At Pensacola, the average 
minimum/maximum temperatures are 16 ºC and 26 ºC for May–June and for July–
November are 18 ºC and 28 ºC. Winter rainfall is dominated by mid-latitude cyclones. 
Summer rainfall is primarily a result of convective thunderstorms (Walker and Oswald, 
2000), although tropical cyclones provide nearly 10% of total summer precipitation 
(Court, 1974).  
More recently, isotope analysis (carbon, oxygen, hydrogen) of tree-ring cellulose 
has been used as a proxy for evaluating climate change. Oxygen isotopes of tree-ring 
cellulose are primarily related to climate factors, especially precipitation and temperature, 
thus short- and long-term changes in overall climate patterns (that may change 
precipitation and temperature) should be recorded in the oxygen isotope compositions of 
tree-ring cellulose (Epstein and Yapp, 1977; Lipp et al., 1996; Saurer et al., 1997; 
Anderson et al., 2002). A recent study by Miller (2005) was the first high-resolution, tree-
ring oxygen isotope study conducted in the Southeastern United States. This study found 
significant correlations between the δ18O of tree-ring cellulose and the Atlantic 
Multidecadal Oscillation, the Pacific Decadal Oscillation, and the El Niño Southern-
Oscillation, as well as periodicities that may be related to solar activity (Miller, 2005).  
The climate of the Southeastern United States is a veritable battleground between 
polar and tropical weather systems. These weather systems are controlled by large-scale 
oscillations in atmospheric circulation patterns produced in both the Pacific and Atlantic 
Ocean Basins on decadal and multidecadal time scales. These oscillations act together to 
produce the overall climate patterns that are seen around the world. In the Southeastern 
United States, the primary oscillations that affect climate are thought to include the El 
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Niño Southern-Oscillation (ENSO) (Ropelewski and Halpert 1986; Vega et al. 1998; 
Mantua and Hare 2002; Rogers and Coleman, 2003), the Quasi-Biennial Oscillation 
(QBO) (Thompson et al., 2002; Baldwin et al. 2001), the Pacific Decadal Oscillation 
(PDO) (Hare and Mantua 2000, 2002; Boyles and Raman, 2003; McCabe et al., 2004), 
the Atlantic Multidecadal Oscillation (AMO) (Enfield et al., 2001; Rogers and Coleman, 
2003; McCabe et al., 2004), and the North Atlantic Oscillation (NAO) (Enfield et al. 
2001; Elsner et al. 2000). 
 In this chapter, I examine seasonally resolved (earlywood-latewood) tree-ring 
oxygen isotope time series in longleaf pine. Variations in these time series are compared 
to these climate indices to determine which, if any, are recorded in the tree-ring isotope 
record. These data will help to understand long-term climate change across the 
Southeastern United States and may provide insights into how these climate modes relate 
to frequency of tropical cyclone activity along the Southeastern coastal plain.  
These climate modes may correlate to biological processes, like tree-ring growth, 
better than any single, climate factor, such as temperature and precipitation (Stenseth et 
al., 2003). This does not suggest that precipitation and temperature do not have an effect, 
just that these climate modes may help to determine the overall pattern of precipitation 
and temperature seen in a given area over time. To evaluate the effects of these climate 
modes on the δ18O of tree-ring cellulose, several statistical techniques were used. 
Correlation analysis was used as a first step to determine if a relationship existed between 
two variables. In addition to correlation analysis, I used spectral and Morlet wavelet 
analyses to identify frequencies recorded in the tree-ring oxygen isotope time series that 
could then be matched to known frequencies of these major climate oscillations.  
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Additionally, these data may reveal relationships between hurricane activity and 
climate modes. For example, hurricane formation has been related to changes in the 
Quasi-Biennial Oscillation and the El Niño Southern Oscillation (Gray, 1984; Shapiro, 
1989; Elsner et al., 1999). Hurricane tracks show a relationship with NAO, with storms 
tracking along the Atlantic coast during positive phases and more towards the Gulf Coast 
during negative or neutral phases (Elsner et al., 2000; Elsner, 2003). Some have 
suggested that the Atlantic Multidecadal Oscillation is responsible for the recent increase 
of hurricane activity since 1995 (Goldenberg et al., 2001). If periods of increased or 
decreased hurricane activity can be identified in the oxygen isotope tree-ring time series 
and then related to overall climate trends in the series, these data may elucidate further 
relationships between hurricane activity and climate modes.  
4.1.1 Climate and climate modes in the Southeastern United States and their relationship 
to tropical cyclone frequency 
 
 The El Niño-Southern Oscillation (ENSO) is primarily a reversal of the ocean-
atmosphere circulation patterns in the Pacific Ocean basin that operates on short (sub-
decadal) timescales. The oscillation has three phases: El Niño (warm phase), neutral, and 
La Niña (cool phase). The El Niño phase is characterized by an increase in SST in the 
eastern tropical Pacific Ocean, relaxation of trade winds in the central and western 
Pacific, and an eastward displacement of Walker Cell circulation (Trenberth and Hoar 
1996; Trenberth, 1997). The La Niña cool phase results from unusually cold ocean 
temperatures in the eastern equatorial Pacific, with no shifting of the active center of 
atmospheric convection from the western equatorial Pacific (Sheppard et al., 2002).  
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During El Niño years, the midlatitude jet is displaced equatorward, resulting in 
increased winter frontal precipitation along the Gulf Coast (Ropelewski and Halpert, 
1986). El Niño winters are characterized by advection of moisture from the tropical 
Pacific by the subtropical jet (Ropelewski and Halpert, 1986), whereas El Niño summers 
are characterized by localized convective storms (Schimdt et al., 2001). In general, 
Florida panhandle spring precipitation increases during El Niño years, whereas summer 
precipitation over the panhandle increases during La Niña years (Schimdt et al., 2001). 
Tropical only hurricane activity is reduced during El Niño and enhanced during La Niña 
years, while baroclinically enhanced hurricanes show no statistical relationship, however 
there was a slight increase during warm phases (Elsner and Kara, 1999). 
The Quasi-Biennial Oscillation (QBO) is an east-west oscillation of stratospheric 
winds that encompasses the earth near the equator (Wallace, 1973). It reflects fairly 
regular fluctuations between easterlies and westerlies in the tropical latitudes. The QBO 
oscillates between 2–3 years and is also likely tied to ENSO, which has a more irregular 
fluctuation (Elsner et al., 1999). Studies have shown that the strongest El Niño events of 
the last century (1957, 1965, 1972, 1982, and 1997) were preceded by a strong QBO 
(Ramkumar and Rao, 2003). Hurricane formation shows a statistical relationship to the 
QBO, with increased (decreased) activity during the west (east) phase (Gray, 1984; 
Shapiro, 1989).   
The Pacific Decadal Oscillation (PDO) is a SST phenomenon north of 20 degrees 
latitude with cool and warm modes that appear to oscillate at two different scales: 15–25 
years and 50–70 years (Minobe, 1997; Hare and Mantua, 2000; Mantua and Hare, 2002). 
The positive (warm) phase of the PDO is characterized by a cool North Pacific and warm 
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SSTs along the Pacific Coast of the U.S. In the past century, warm phases have occurred 
from 1925–1946 and 1977 to about 1995 (Minobe, 1997; Hare and Mantua, 2000; 
Mantua and Hare, 2002). The negative (cool) phase of the PDO is characterized by a 
warm North Pacific and cool SSTs along the Pacific Coast of the United States. Cool 
phases occurred from 1890–1924 and 1947–1976 (Minobe, 1997; Hare and Mantua, 
2000; Mantua and Hare, 2002). PDO appears to impact October-March precipitation in 
the Southeastern U.S., correlating to above (below) average in the warm (cool) phase 
(Nigam et al., 1999; Hare and Mantua, 2000; Mantua and Hare, 2002).  
As expected, PDO and ENSO do not operate independently. Rather, their effects 
can be enhanced or diminished depending on whether the modes are in or out of phase. 
“Classical” ENSO impacts on North American climate appear especially when ENSO 
and PDO are “in phase.” ENSO events in the equatorial Pacific can be strengthened by 
the PDO, and ENSO has been demonstrated to affect hurricane activity along the 
Southeastern seaboard. Warmer SSTs (i.e. warm phase PDO) in the tropical Pacific 
increases vertical wind shear, suppressing hurricane activity.  
The Atlantic Multidecadal Oscillation (AMO) is a SST phenomenon of the North 
Atlantic Ocean that also has cool (1900–1925, 1970–1990) and warm (1870–1890, 1940–
1960) phases. The SST seems to follow a quasi-periodic cycle of approximately 50–80 
years (Delworth and Mann, 2000; Kerr, 2000; Grosfeld et al., 2007). The AMO is not 
strictly dominated by the North Atlantic and seems to be composed of different forcings 
from both the Atlantic and Pacific Ocean (Grosfeld et al., 2007). Recent studies suggest 
that the AMO is either a) responsible for the recent increase in hurricane activity since 
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1995 (Goldenberg et al., 2001) or b) is not responsible for the recent increase and may in 
fact, be a statistical artifact and not a real climate mode (Mann and Emanuel, 2006).  
A recent study by McCabe et al. (2004) posits that over half of the drought 
variability across the United States is caused by fluctuations in PDO and AMO. They 
identified four periods of PDO/AMO coupling: (1) positive PDO, positive AMO (1926–
1943), (2) negative PDO, positive AMO (1944–1963), (3) negative PDO, negative AMO 
(1964–1976), and (4) positive PDO, negative AMO (1977–1994). Each scenario 
produces different patterns of wetness and drought across the United States.  
 Specific to the study areas presented here, scenario (1) resulted in severe drought 
in the Carolinas and Georgia, with the Florida panhandle being on the border between dry 
and wet. Scenario (2) resulted in somewhat wet conditions in all study areas. Scenario (3) 
and Scenario (4) resulted in extreme wetness across all of the study areas, however the 
wetness is more widespread than in scenario (3) (McCabe et al., 2004). Based on these 
relationships, it seems that the greatest impact to climate occurred when these indices are 
in-phase (positive PDO, positive AMO are related to drought conditions, while negative 
PDO, negative AMO are related to wet periods).  
 The NAO is a phenomenon of the North Atlantic primarily associated with 
anomalies in sea-level pressure (SLP). It is characterized by an oscillation between two 
pressure centers, the Bermuda High and the Icelandic Low (Lamb and Peppler, 1987). A 
positive (negative) NAO indicates a stronger (weaker) than average Bermuda High and 
Icelandic Low. A positive NAO brings anomalous southerly flow over eastern North 
America, creating warmer and wetter winters in the Southeastern United States (Yin, 
1994; Sheridan 2003). The NAO has been shown to influence hurricane track.  
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Specifically, hurricanes that strike the Gulf Coast are more likely to occur when the NAO 
is negative or neutral, while hurricane landfalls along the east coast are more typical 
when the NAO is in a positive phase (Elsner, 2000).  Over the last century, many gulf 
storms were observed from 1900 to 1920 and 1960 to 1970 (mostly negative NAO), 
while the east coast was very active in the 1950s (mostly positive NAO). The entire U.S. 
Atlantic coast saw increased activity from 1930 to 1940 (Elsner et al., 2000).  
Identification of these climate oscillations in various proxy records (historical 
documents, tropical corals, tree rings, speleothems, ice cores, and lake sediments) have 
occurred the globe. However, a large body of literature indicates disagreement among 
climatologists concerning the relationship between climate modes and climate in specific 
geographic areas, and whether certain climate phenomena even exist at all (Stenseth et 
al., 2003; Mann and Emanuel, 2006). One confounding element of this debate is the issue 
of scale and the relevance of global climate indices to local climate and, specifically, 
whether a global signature is captured by a proxy controlled, at least in part, by local 
climate/environmental factors.  
The primary purpose of this study is to evaluate whether tree-ring cellulose 
oxygen isotopes appear to capture predominantly a local record of climate and 
environment or also retain evidence for global-scale climate modes. More specifically, I 
wish to address if affects of these climate modes can be linked to changes in tropical 
cyclone activity. Periods of increased/decreased hurricane activity and overall climate 
trends in the oxygen isotope time series provide the possibility to further understand the 
relationships between hurricane activity and climate modes.  
 
 112 
4.2 Site Locations 
 Tree-ring samples (cores and cross-sections) of longleaf pine were collected from 
Francis Marion National Forest and Sandy Island, South Carolina (Figure 1.3), and Eglin 
Air Force Base (EAFB), Florida (Figure 5). The sites were chosen primarily for the 
advancement of the hurricane proxy, an abundance of longleaf pine forests, wide spatial 
distribution along the Southeastern Gulf and Atlantic coasts, and because the sites are 
typically impacted by hurricanes that have different areas of formation, with different 
tracks that shift with changing climate modes.  
 The panhandle of Florida is primarily influenced by hurricanes that form in the 
Gulf of Mexico, the Caribbean Sea, and Western Atlantic, while South Carolina is mainly 
influenced by storms that form in the Atlantic main development region (MDR). Previous 
studies in Georgia (Miller, 2005; Miller et al., 2006) provide additional geographic 
coverage of the Southeastern coastal plain. For these sites, climate data (daily/monthly 
precipitation, daily/monthly temperature, and monthly PDSI) are available for South 
Carolina climate division 7 and 4 and Florida climate division 1 (National Climatic Data 
Center, 2007).  
4.3 Methods 
 
4.3.1 Analytical Methods 
 
Tree cores and cross-sections of longleaf pine were collected using a 4.3 mm 
diameter increment borer and chainsaw. Tree-ring width chronologies were created using 
standard dendrochronological techniques (Stokes and Smiley, 1996) and were verified 
using COFECHA (Grissino-Mayer, 2001). At least 20 trees were used for crossdating, 
with one tree from each site being chosen for oxygen isotope analysis.   
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Samples were prepared for isotope analysis by separating tree rings into 
earlywood and latewood fractions using a surgical scalpel working under a stereozoom 
microscope. Tree rings were shaved to about 40 µm thickness. Alpha-cellulose was 
extracted from whole wood following the methods of Green (1963), with later 
modifications by Loader et al. (1997) for small batch processing. Oxygen isotope analysis 
of α-cellulose was carried out by pyrolysis to CO in a High Temperature 
Conversion/Elemental Analyzer (TC/EA) interfaced with a continuous flow 
ThermoFinnigan Delta Plus XL isotope ratio mass spectrometer at the University of 
Tennessee. 
All samples were run in triplicate. About 80 to 150 µg of cellulose was loaded 
into silver capsules and pyrolyzed at 1450 °C in the furnace of the TC/EA. Pyrolysis 
produced CO gas, which was measured for the 18O/16O ratio, expressed as δ18O (δ = 
((Rsample / Rstandard) – 1) x 1000), relative to VSMOW (Vienna Standard Mean Ocean 
Water). A working laboratory standard (SIGMA cellulose) was routinely measured 
against other international and in-house standards (NBS-19, Benzoic Acid, SIRFER 
cellulose and Jahren cellulose) in our lab, and analyzed as well by the SIRFER lab at the 
University of Utah. A standard was placed between every six samples. The analytical 
value and reproducibility for the δ18O measurement of SIGMA cellulose is 27.34 ‰ +/- 
0.33 ‰.  
4.3.2 Statistical Methods 
 Oxygen isotope time series from each study site (Francis Marion, Sandy Island, 
and Pensacola) were compared to climate indices (temperature, precipitation, ENSO, 
PDO, AMO, NAO, and PDSI) by means of simple bivariate correlation. Monthly data 
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sets were obtained online and include the Niño 3.4 SST Indices (Trenberth, 1997), the 
Joint Institute for the Study of the Atmosphere and Ocean Pacific Decadal Oscillation 
Index (Mantua, 1997), the National Oceanic and Atmospheric Administration Atlantic 
Multidecadal Oscillation (Enfield et al., 2001), the NAO index provided by the Climate 
Analysis Section, NCAR (Hurrell, 2003), and PDSI from the National Climatic Data 
Center (NCDC, 2008).  
Correlation analyses were conducted using SPSS. The correlation method chosen 
was Pearson bivariate correlation with a two-tailed significance test. The correlations 
were run on both the oxygen isotope compositions, as well as on statistically calculated 
residuals. The data were subject to a 1-yr autoregression analysis to determine model 
predicted values. Residuals were calculated by taking the difference between observed 
and predicted values (observed–predicted = residual).  
Because the relationship between these climate modes and the oxygen isotope 
time series may vary over time (non-stationarity), correlation analysis may not be the best 
approach. Climate in a given region may be dominated by one mode or another at 
different times, and therefore, a bivariate correlation between a single climate mode and 
the isotope time series may have too much noise to reveal significant correlations. 
Therefore, all data sets were statistically analyzed using spectral analysis in SPSS to 
identify periodicities in a time series. The method used in SPSS is the Blackman-Tukey 
method (Blackman and Tukey, 1958), with a window of five years.  
Although spectral analysis will identify periodicities in the time series, it does not 
reveal where those frequencies dominate in time (Lau and Weng, 1995). Wavelet 
transforms are frequently applied to climate data in order to localize spectral components 
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in time (i.e., to yield a frequency-time representation of the time series) (Lau and Weng, 
1995, Grinsted et al., 2004). All data sets were therefore analyzed using Morlet wavelet 
analysis with online software from Ion Script (Ion Research Systems, 2008). The Morlet 
wavelet was chosen, with a parameter of 6, because it provides “a good balance between 
time and frequency localization” (Grinsted et al., 2004). A red-noise background 
spectrum (auto-regressive model of 1) was used to test significance because many climate 
time series have red noise characteristics (Grinsted et al., 2004). 
4.4 Results 
4.4.1 Bivariate Correlation Analysis 
 At Francis Marion, no significant correlations between δ18O and temperature, 
ENSO, AMO, NAO, or PDSI were detected. Significant inverse correlation existed 
between latewood δ18O and averaged June to October precipitation (r = –0.436, p < 0.01, 
n = 49) and monthly PDO indices, most significant in the months of March, April, and 
May (r = 0.5, p < 0.01, n = 53) (Figure 4.1).  
 At Sandy Island, no significant correlations between δ18O and temperature, 
ENSO, PDO, or PDSI were detected. Significant inverse correlations existed between the 
latewood residuals and precipitation for averaged June to October (r = –0.346, p < 0.01, n 
= 57). Negative correlations were also found between AMO and both the earlywood and 
the latewood (earlywood, Jan–Mar, r = –0.300 to –0.349, p <0 .01, n = 56; latewood, 
most significant Aug–Nov, r = –0.408 to –0.524, p < 0.01, n = 56) (Figure 4.2). 
For Eglin Air Force Base, no significant correlations between δ18O and 
temperature, ENSO, AMO, or NAO were detected. Significant inverse correlations 
existed between the latewood residuals and precipitation for averaged April to August 
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Figure 4.1-Correlation coefficients between a monthly PDO index and δ18O times series for 
Francis Marion, 1945–2000. Months are numbered 1–12. Black bars are significant at the 
0.01 level. Grey bars are significant at the 0.05 level. Blue is not significant.  
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Figure 4.2- Correlation coefficients between a monthly AMO index and δ18O time 
series for Sandy Island, 1940–1997, (A) Earlywood and (B) Latewood. Months are 
numbered 1–12. Black bars are significant at the 0.01 level. Grey bars are 





(r = –0.357, p < 0.01, n = 56). Significant inverse correlations existed between earlywood 
δ18O and PDO (most significant March–June, r = –0.421 to –0.494, p < 0.01, n = 59) 
(Figure 4.3). I found significant inverse correlations between earlywood (most significant 
January–March, r = –0.333 to –0.457, p < 0.01, n = 63) and latewood (most significant 
April–August, r = –0.339 to –0.446, p < 0.01, n = 63) to PDSI from 1940–2004 (Figure 
4.4). In the rest of the series, 1895–1952, there is no correlation to PDSI.  
4.4.2 Spectral Analysis 
 At Francis Marion, spectral analysis of oxygen isotope time series identified 
frequencies in the earlywood at 12.8, 3, and 2.3 years (Figure 4.5), while frequencies are 
identified at 32, 12, 8.3, and 3.3 years in the latewood (Figure 4.5). At Sandy Island, 
spectral frequencies were identified in the earlywood at 12.5, 3.5, and 2.8 years (Figure 
4.6), while in the latewood, frequencies are identified at 12.5 and 3.2 years (Figure 4.6). 
In sample DN020 at EAFB, frequencies were identified in the earlywood at 22, 11, 6.6, 4, 
and 3.3 years (Figure 4.7) and in the latewood at 22, 11, 6.2, 5.2, 3, and 2.3 years (Figure 
4.7). In sample DN003 at EAFB, spectral frequencies were identified at 22.2, 16, 11, 3.2, 
and 2.94 years (Figure 4.8) and in the latewood at 63, 22.2, 14.2, 11, 5.8, 3.8, 3.5, and 3.1 
years (Figure 4.8).  
4.4.3 Wavelet Transform Analysis 
In the earlywood from Francis Marion, I found a significant 12–16 year frequency 
that dominates from 1945–1990, while a 3-year frequency dominates from 1990–1998 
(Figure 4.9). In the latewood, there is a 6–9 year frequency from 1977–1989, a 3-year 












Figure 4.3- Correlation coefficients between a monthly PDO index and δ18O earlywood 
times series for Eglin Air Force Base, 1940–2004. Months are numbered 1–12. Black 
bars are significant at the 0.01 level. Grey bars are significant at the 0.05 level. Blue is 





Figure 4.4- Correlation coefficients between a monthly PDSI index and δ18O time series 
for Eglin Air Force Base, 1940–2004, for (A) Earlywood and (B) Latewood. Months are 
numbered 1–12. Black bars are significant at the 0.01 level. Grey bars are significant at the 












































Figure 4.5- Spectral analysis of δ18O times series for Francis Marion, 1945–2000, (A) 











Figure 4.6- Spectral analysis of δ18O times series for Sandy Island, 1940–1997, for 












































Figure 4.7- Spectral analysis δ18O times series for Eglin Air Force Base DN020 1940–
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Figure 4.8- Spectral analysis of δ18O times series for Eglin Air Force Base DN003 1710–





Figure 4.9- Wavelet analysis for earlywood δ18O time series (a) from trees sampled at 
Francis Marion National Forest. From 1945–1990, a 12–16 year frequency dominates and 


















Figure 4.10- Wavelet analysis for latewood δ18O time series (a) from trees sampled at 
Francis Marion National Forest. From 1977–1989, a 6–9 year frequency dominates and 
from 1985–1993, a 3-year frequency dominates. A 25–35-year frequency is evident from 
1963–1998, and supported by a 32-year peak in spectral analysis of the data (b). 
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cone of influence, but is supported by a 32–year peak in the spectral data.  In the 
earlywood from Sandy Island, there is a 3-year frequency from 1949–1962 and 1971–
1980. There is a significant frequency between 12–14 years from 1950–1960; however, 
this is partially located within the cone of influence, where zero padding has reduced the 
variance (Figure 4.11). In the latewood, there seems to be a dominant frequency in the 3–
5 year range from 1958-1967 and in the 2–4 year range from 1975-1987 (Figure 4.12).  
At Eglin Air Force Base, there are two time series (1940–2004 DN020, 1707–
1952 DN003) from different trees, which were separately evaluated. For DN020 
earlywood, there is a brief 2–3 year frequency from 1950–1963, an 8-year frequency 
from 1955–1962, and a 3-year frequency from 1975–1983 and 1991–1996 (Figure 4.13). 
For DN020 latewood, there is a 5–7 year frequency from 1955–1970 and 1975–2002, a 
12-year frequency from 1962–2002, and a 3-year frequency from 1979–1982 and 1990–
1995 (Figure 4.14).   
For DN003 earlywood, there are brief 2 to 4-year (3-year) frequencies from 
1710–1730, 1770–790, and 1870–1910. There is a strong 16–22 year frequency from 
1760–1785 and 1850–1930. There is also a strong 8–16 year frequency (11-year) from 
1800–1850 (Figure 4.15). For DN003 latewood, there are brief 2 to 4-year (3 year) 
frequencies between 1730–1740, 1760–1770, 1780–1790, 1800–1810, 1860–1870, 1890–
1910, and 1940–1950. There is also a strong and significant 64 and 128-year frequency 
that dominates the entire time series; however, it is located within the cone of influence 
(Figure 4.16).  
 The wavelet analysis was also performed on the Valdosta series from 1770–1997. 


















Figure 4.11- Wavelet analysis for Sandy Island earlywood δ18O time series (a). 
From1949–1962 and 1970–1980, a 3-year frequency dominates and from 1950–1964 




Figure 4.12-Wavelet analysis for Sandy Island latewood δ18O time series (a). From 
1959–1968 a 3–5 year frequency dominates and from 1975–1987 a 2–3 year frequency 
dominates (b). A 64-yr frequency is evident from 1940–1987, although located within the 
cone of influence the global wavelet shows it as almost significant.  
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Figure 4.13- Wavelet analysis for Eglin Air Force Base DN020 earlywood δ18O time 
series (a). From 1950–1963, a 2-year frequency dominates (b).  From 1950–1965, an 8–
11 year frequency dominates (b). From 1975–1983 and 1991–1996, a 3–4 year frequency 




Figure 4.14- Wavelet analysis for Eglin Air Force Base DN020 latewood δ18O time 
series (a). From 1955–1970 and 1975–2002, a 5 to 7 year frequency dominates (b).  From 
1962–2002, a 10–12 year frequency dominates (b). From 1979–1982 and 1990–1995, a 
2–3 year frequency dominates (b).  
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Figure 4.15- Wavelet analysis for Eglin Air Force Base DN003 earlywood δ18O time 
series (a). There are brief 3-year frequencies between, 1710–1720, 1720–1730, 1770–
1780, 1780–1790, 1870–1890, and 1890–1910 (b). There is a strong 16–22 year 
frequency from 1760–1785 and 1850–1930. There is also a strong 11–12 year frequency 
from1800–1850 (b).  
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Figure 4.16- Wavelet analysis for Eglin Air Force Base DN003 latewood δ18O time 
series (a). There are brief 3-year frequencies between 1730–1740, 1760–1770, 1780–
1790, 1800–1810, 1860–1870, 1890–1910, and 1940–1950 (b).  There is also a strong 
64-year frequency that dominates the entire time series.   
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1800–1810, 1830–1840, 1860–1870, 1910–1920, centered on 1950, and 1970–1990. 
There is a strong 32-year frequency from the late 1820s to 1870, a strong 64-year and 
128- year frequency from 1910–1970, although these are located within the cone of 
influence (Figure 4.17). For Valdosta latewood, there are several brief 2 to 4-year 
frequencies from 1770–1780, 1790–1800, 1800–1810, 1830–1840, and 1980–1990. 
There is a 4 to 8 year frequency from 1840–1870 and 1940–1970. There is a near 50-year 
frequency from 1810–1870 and a 64-year frequency from 1870–1997, although this is 
located within the cone of influence (Figure 4.18).  
4.5 Discussion 
 Bivariate correlation analysis was ineffective at determining which climate 
oscillations may have affected (i.e., been recorded at) each site. Correlations showed that 
the PDO might have an influence on the spring season in Florida and in the summer 
season at Francis Marion. The AMO may have influence on both spring and summer 
seasons at Sandy Island. In ring-width studies at Florida and South Carolina, Henderson 
(2006) found relationships between total ring-width and AMO, PDO, NAO, and ENSO, 
but many were weak, explaining very little of the variance in ring-width. Similarly, 
Stahle and Cleaveland (1992) found no statistically significant correlations between 
reconstructed spring rainfall data from North and South Carolina and Georgia to ENSO 
or NAO. These oscillations vary through time and are rarely acting independently on the 
climate of the Southeast. This makes a one to one correlation very difficult to attain. I 
suggest that just because significant correlations were not obtained does not indicate that 
these climate oscillations do not affect the Southeastern United States.  
 An inverse correlation between latewood oxygen isotopes and precipitation is 
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Figure 4.17- Wavelet analysis for Valdosta earlywood δ18O time series (a). There are 
brief 3-year frequencies between 1800–1810, 1830–1840, 1860–1870, 1910–1920, 
centered on 1950, and 1970–1990 (b). There is a strong 32-year frequency from the late 
1820s to 1870, as well as strong 64-year and 128-year frequencies from 1910–1970 (b).  
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Figure 4.18- Wavelet analysis for Valdosta latewood δ18O time series (a). There are 
several brief 3-year frequencies from 1770–1780, 1790–1800, 1800–1810, 1830–1840, 
and 1980–1990 (b). There is a 4–8 year frequency from 1840–1870 and 1940–1970 (b). 
There is an ~50-year frequency from 1810–1870 and a 64 to 128 year frequency from 
1870–1997 (b).  
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evident at all three sites, but only explains about 15–20% of the variance in the oxygen 
isotope data. An increase in the amount of precipitation will likely lead to a soil column 
that has relatively higher soil moisture content, which may take longer to evaporate. If 
less evaporation is occurring, the soil water is likely to retain the original isotopic 
composition of the source water for a longer period. Conversely, in times of less 
precipitation, the soil moisture will decrease. Evaporation within the column will take 
less time and will quickly become enriched in 18O relative to initial source water 
composition. The fact that precipitation amount explains only a small percentage of the 
variance is important, suggesting that other factors, such as changes in vapor source (in 
response to changing climate modes), may be important controls on the δ18O of the time 
series.  
 Spectral and wavelet analyses of the data more effectively define the frequencies 
present. These reveal 2–4 (average of 3-year) frequencies at every site in both the 
earlywood and latewood. These frequencies are similar to the Quasi-Biennial Oscillation, 
and are also likely tied to ENSO (Elsner and Kara, 1999). It appears to dominate in the 
late 1970s to early 1980s as well as in the 1990s. At Sandy Island, it also occurs in the 
1950s. These are coincident with decades when El Niño was strong in some years 
(Ropelewski and Halpert, 1986; Ropelewski and Halpert, 1987; Manatau and Hare, 
2002). Typical impacts of strong ENSO events on the Southeast include enhanced winter 
precipitation and negative departures in October to March temperatures (Ropelewski and 
Halpert, 1986; Ropelewski and Halpert, 1987). Convection in the Pacific brings stronger 
than normal westerlies in the Gulf of Mexico, an enhanced subtropical jet stream, and 
more frequent storms (Ropelewski and Halpert, 1986; Ropelewski and Halpert, 1987). 
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Interestingly, many of the false positives (as seen in Chapter 2 and 3) are coincident with 
El Niño years.  
 In both trees at Eglin Air Force Base, there are 11 and 22-year frequencies. These 
are both well-documented solar forcings: the 11-year sunspot cycle and the 22-year Hale 
cycle. At Francis Marion, Sandy Island, and in the earlywood of DN003 and the latewood 
of DN020 from EAFB, there are 12-year frequencies. These frequencies have been linked 
to relationships between solar activity, QBO, and ENSO. Specifically, it has been found 
that during periods of stronger solar activity, strong ENSO events occur every 12 years, 
while during periods of weaker solar activity, the events occur at 8-year intervals (Dean 
and Kemp, 2004). However, spectral analysis of the NAO also reveals 12-year 
frequencies (Deser and Blackmon, 1993). Considering their close proximity to the 
Atlantic Ocean, it is possible that the NAO is also affecting the climate of Francis Marion 
and Sandy Island and contributing to this signal frequency.  
NAO has some effect on where major hurricanes track, specifically, in positive 
(negative) NAO phases, hurricanes tend to track more towards the east (gulf) coast. In the 
tree-ring hurricane record at Francis Marion and Sandy Island, the majority of storms 
recorded occur around 1940–1970, roughly centered in the 1950s (Chapter 2). The 1950s 
were a time of positive NAO and tracks show that the majority occurs along the East 
Coast (Elsner et al., 2003). In the tree-ring hurricane record at EAFB, the majority of 
activity occurred from the very late 1950s to 1970 (Chapter 3). The decade of 1960–1970 
saw a mostly negative NAO, with many storms making landfall in the gulf, mostly west 
of Florida (Elsner et al., 2003). Other periods of increased activity as indicated by the 
oxygen isotope time series from Florida are 1760–1780 and centered in the 1830s. The 
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period from 1760–1780 is coincident with a negative phase of the NAO (reconstructed); 
however, reconstructed records for the 1830s suggest a positive phase in some and a 
negative phase in others (Timm et al., 2004) 
 In numerous major climate variables across the globe, a pronounced climatic shift 
occurred in the 1960s to 1970s (Baines and Folland, 2007; Grosfeld et al, 2007). During 
this time, there were variations in SST and shifts in winds and atmospheric heat flow for 
both the Atlantic and Pacific Ocean Basins (Baines and Folland, 2007; Grosfeld et al., 
2007). These studies suggest that this is a separate phenomenon from the shift seen in 
ENSO-like variability in the Pacific around 1975 (phase shift of PDO). While the timing 
of this shift is different, it is recorded in both the earlywood and latewood oxygen 
isotopes in Sandy Island and in the earlywood at Eglin Air Force Base. The shifts are 
opposite in nature, however, with oxygen isotope values being more enriched in 18O at 
Sandy Island and more depleted in 18O at Eglin Air Force Base.  
 The shift occurs across two phases, where changes are seen in both the AMO and 
PDO: scenario (3) negative PDO, negative AMO (1964–1976), and (4) positive PDO, 
negative AMO (1977–1994) (McCabe et al., 2004). Scenario (3) and Scenario (4) 
produce extreme wetness across all of the study areas, however this is more widespread 
in scenario (3). A shift to increased wetness fits with the data from Florida, with the 
earlywood being more depleted in 18O. This shift does not seem to match with those at 
Sandy Island, where both the earlywood and latewood are more enriched in 18O. 
Interestingly, Henderson (2006) found that these two sites were typically out of phase 
when reconstructing wet/dry cycles based on ring width. So, it is possible that the 
McCabe model is showing more regional patterns, where local patterns are lost.  
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 In Florida, this shift is in the 1970s, which is more coincident with a phase change 
in the PDO. When looking at seasonality across the entire time series for Florida, the 
shifts of seasonality of the δ18O time series are very similar to shifts seen in reconstructed 
PDO (Figure 4.19). The two series track together very well and show systematic shifts in 
the 1920s, 1940s, and 1970s. While these are only graphical representations, these data 
suggest that the PDO likely has some effect on the seasonality of the δ18O time series 
from Florida.  
 These data suggest that ENSO, QBO, NAO, AMO, and PDO have some effects 
on the δ18O time series in both South Carolina and Florida, however the extent of these 
effects is not easily revealed, likely from compounding or masking effects when these 
modes are synergistic or working against one another. The question remains, do these 
patterns reveal anything about when and where tropical cyclones track. When examining 
the tree-ring isotope proxy for South Carolina and Florida, an interesting pattern is 
observed. At Sandy Island and Francis Marion, the majority of hurricanes are recorded 
during times of positive NAO (steers hurricanes more towards east coast). At Florida, a 
cluster of events in the late 1950s to 1970s occurs during a negative NAO (steers 
hurricanes more towards the gulf coast). At all three sites, the majority of hurricanes 
recorded occur during a cool phase of the PDO. Miller (2005) found the same pattern of 
increased activity during cool phase PDO. At all three sites, hurricane events recorded are 
spaced relatively equally in the phases of the AMO.  
 These data match relatively well with what is known about NAO and storm track, 

























Figure 4.19- Δ18O = δ18O earlywood–δ18O latewood from Eglin Air Force Base 
(combining DN 020 and DN 003) 1707–1997 (blue line) compared to reconstructed PDO 
indices from China (red line) (Shen et al., 2006).  Note the phase changes in the PDO in 
the late 1800s, 1920s, 1940s, and 1970s. Prior to the late 1800s, the PDO appears to be 
more stable.  
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This is interesting as a debate still continues as to whether AMO is responsible for the 
recent increase in hurricane activity or if the AMO even exists at all.  
Perhaps the most interesting finding is that the majority of tropical storm events 
recorded occur during the cool phase of the PDO. However, this is the same time when 
we miss a greater percentage of storms. So, even though activity is increasing, the 
number of storms recorded decreases. This may be attributed to climate effects of the 
PDO on the southeast, where a cool phase PDO brings cool, dry conditions (Mantua, 
2000), which may lead to drought conditions that act to attenuate the hurricane signal. 
Little work has been done to examine the effects of PDO on Atlantic hurricane activity, 
however these data do match with the basic premise that a warming in the tropical pacific 
increases wind shear and suppresses hurricane activity, while cooling in the tropical 
pacific has the opposite effect.  
4.6 Conclusions  
The primary goals of this chapter were to examine if the oxygen isotope proxy 
captured evidence for global scale climate modes, and to what extent these modes 
influenced both hurricane activity in general and the ability of the proxy to record 
hurricane activity. To address this question, multiple statistical techniques (correlation, 
spectral, and wavelet analyses) were used to evaluate relationships between the oxygen 
isotope time series and major climate indices such as the QBO, ENSO, AMO, PDO, 
NAO, and PDSI. This research revealed that there is evidence of these climate 
oscillations recorded in the tree-ring oxygen isotope proxy.  
 Correlations were found between the oxygen isotope time series and global (PDO 
and AMO) climate indices. Spectral analyses revealed frequencies that were similar to 
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the QBO (2–3 years), ENSO (3–8 years), PDO, ENSO, or NAO (12–16 years), and Solar 
Cycles (11 and 22 years). Wavelet analyses revealed similar periods, but provided a time 
for which these frequencies had the greatest impact. The timing of these influences was 
not the same at all sites, suggesting their effects are not spatially or temporally 
synchronous. The timing also differs seasonally, suggesting the impacts on the sites 
change throughout the year. This study shows promise for the ability to examine these 
climate modes using tree-ring oxygen isotopes and is one of very few to examine these 
climate modes with tree-ring isotopes instead of tree-ring width.  
At several sites, there were also 8- and 12- year frequencies present. These 
frequencies have been linked to relationships between solar activity, QBO, and ENSO. 
Specifically, it has been found that during periods of stronger solar activity, strong ENSO 
events occur every 12 years, while during periods of weaker solar activity, the events 
occur at 8-year intervals. These frequencies could also be caused by the NAO however, 
there was no relationship between the timing of potential NAO frequencies (revealed by 
the wavelet analysis) and hurricane events. However, a simple count of storms recorded 
at all sites reveals some relationship to NAO. At Sandy Island and Francis Marion, the 
majority of hurricanes are recorded during positive NAO (steers hurricanes to east coast). 
At Eglin AFB, a cluster of hurricane events occurs in the late 1950s–1970s is coincident 
with a negative NAO (steers hurricanes more towards the gulf). However, this is also 
roughly coincident with a cool phase of the PDO. Interestingly, at all sites, the majority 
of hurricanes recorded occur during cool phase PDO, as explained below.  
During cool phase PDO (1890–1924, 1947–1976), the number of hurricane events 
recorded by the proxy in both Georgia and Florida, increases, but the percentage of 
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activity recorded (within 200 km) decreases. Cool phase PDO may act to increase 
hurricane frequency, but also may increase drought in the southeast. So, more storms 
were present for the proxy to record, but the drought conditions may have reduced the 
number that were recorded. Few studies have addressed the effects of PDO on either 
Southeastern United States climate or North Atlantic hurricane activity. This study 
supports the idea that connections between Pacific and Atlantic ocean-atmosphere 
processes, as well as their effects on North Atlantic hurricane activity, may be greater 
than we currently understand.  
Clearly, no single oscillation is the dominant control on either the climate of the 
Southeast or Atlantic hurricane activity, and more work needs to be done to better 
understand these relationships. This is especially important for reconstructing Atlantic 
hurricane activity because the last 50–60 years may not be representative of “normal” 
climate modes and deciphering natural versus anthropogenic changes becomes even more 
complicated. Determining the effects of these oscillations from a single tree at one site 
will yield an incomplete record and is likely not the best approach, but shows that using 
oxygen isotopes in tree-ring cellulose has merit.  
Several opportunities for future research exist. Extending the length of tree-ring 
oxygen isotope time series across the Southeastern United States and expanding the 
spatial distribution of tree-ring oxygen isotope time series across the Southeastern United 
States will provide a better understanding of these climate modes on both Southeastern 
climate and hurricane activity. Also, the addition of multiple isotope (carbon and 
hydrogen) time series and paired ring-width studies, will help further elucidate the roles 





The purpose of this study was to interpret data obtained from oxygen isotope time 
series developed from longleaf pine, sampled at a seasonal scale (earlywood and 
latewood growth), at several sites along the Atlantic and Gulf Coastal Plain. The isotopic 
time series were examined for evidence of extreme events (hurricanes and droughts) and 
for periodic, long-term variations likely controlled by changing climate modes. This 
study examined the portability of a newly developed oxygen isotope proxy to determine 
if the proxy could be generally applied at site locations closer to the coast and having 
different soil drainage characteristics, in order to evaluate the robustness of the proxy. 
The use of oxygen isotope tree-ring time series to understand extreme climate events and 
climate history is not yet widespread and this research represents a unique effort to apply 
this technique in the Southeastern United States. The following chapter summarizes the 
major findings of this research. 
5.1 The tree-ring oxygen isotope record can be used as a proxy for hurricane 
occurrence 
 One of the primary efforts of this research was to determine if oxygen isotopes of 
tree-ring cellulose record hurricane events. Oxygen isotopes in tree-ring cellulose largely 
reflect source water. Hurricane precipitation is potential source water for trees and can be 
isotopically distinct from regular precipitation. Therefore, I hypothesized that tree-ring 
oxygen isotopes would record tropical cyclone events if (1) the storm produced 
precipitation at the study site, (2) the storms precipitation was depleted in 18O relative to 
the precipitation in the region, and (3) the depleted precipitation was utilized by the tree 
in cellulose production.  
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 An initial study by Miller et al. (2006) demonstrated that the tree-ring oxygen 
isotopes preserve a record of both hurricanes and droughts. The focus of this study was to 
determine if negative isotope anomalies matched to known hurricane events. The study 
matched all but three negative anomalies (< –0.5) to known hurricane events. Two of the 
three false positives may have been caused by events that occurred over 400 km away. 
Because such a large percentage of anomalies matched to known events, Miller et al. 
(2006) assumed that negative anomalies encountered beyond the modern period were 
most likely caused by hurricane events.  
 The initial study asked the question: where there is an isotope anomaly, is there a 
storm? Using that approach, the study proved that the negative isotopic anomalies did 
record hurricane events, however, they did not evaluate how accurately the proxy 
captured activity of local events. To more objectively assess the accuracy of the proxy, I 
asked, where there is a storm, is there an isotope anomaly? I did not expect to capture 
100% of the storms for several reasons including: (1) not all hurricanes produced 
precipitation on site, (2) not all hurricanes produced isotopically depleted precipitation on 
site, and (3) pre-existing or co-existing factors within the soil that reduced or attenuated 
the depleted hurricane signal (drought). 
 The results of the Miller et al. (2006) and this study confirm the feasibility of 
using negative isotopic anomalies within the oxygen isotope tree-ring time series to 
reconstruct hurricane occurrence at sites located across the Southeastern Coastal Plain. 
To assess the robustness of the proxy for recording local hurricane occurrence, an 
arbitrary radius for hurricane track was defined at each site. I chose 200 km because this 
is a typical strike circle for the area affected by hurricane force winds. A similar 
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percentage of storms tracking within this 200 km radius were captured at all four sites 
during the modern verification period: Valdosta, Georgia 53%; Francis Marion, South 
Carolina 45%; Sandy Island, South Carolina, 45%; and Eglin Air Force Base, Florida 
63%. The results of this verification suggest that the proxy will record a minimum 
estimate of local hurricane activity.  
When negative anomalies (< –0.5) were present that did not match a known 
hurricane event within the 200 km radius, I looked beyond the 200 km limit to determine 
if events tracking at a greater distance could explain these anomalies. By this criteria, 
86% of residuals matched to known events at the Valdosta, Georgia site, 85% at Francis 
Marion, South Carolina, 78% at Sandy Island, South Carolina, and 65% at Eglin Air 
Force Base, Florida. The remaining percentage at each would be considered error, which 
is further discussed below. The results of this verification suggest that the isotope proxy 
records a minimum estimate of local hurricane activity, capturing approximately one-half 
of the storms whose eye tracked within 200 km of the study site. It also suggests, that 
with few exceptions, all significant anomalies (< –0.5) over the past 50 years can be 
traced to known tropical cyclone activity.  
5.1.1 Error 
In a natural archive, isotope proxies may be affected by many factors, such as 
vital effects or complex chemical interactions in the natural environment. It is not 
expected that the tree-ring oxygen isotope proxy for tropical cyclone events would 
perfectly capture the entire storm history for a local area for many reasons. Isotopic 
compositions in tree-ring cellulose are controlled by many, competing factors, such as 
precipitation, temperature, and climate modes. When assessing the tree-ring oxygen 
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isotope proxy, several internal and external processes should be considered. These 
systems include the tree and the substrate in which it grows and the physical mechanisms 
responsible for growth (temperature, precipitation) and the factors that control these 
(climate modes). The internal or biophysiological processes that occur within the tree are 
thought to be relatively constant within a species. These were considered a process to 
have little affect on the ability of the proxy to record tropical cyclone events. The external 
processes, such as soil type, pre-existing soil conditions, and drought were considered as 
possibilities for having a greater affect on the ability of the proxy to record tropical 
cyclone events.  
Two types of error are associated with our interpretation of the event history in 
the oxygen isotope time series. In hypothesis testing, a Type I error would be an event (a 
negative anomaly) that looks like a hurricane, but is not. I refer to this as a “false 
positives.” A Type II error would be the absence of a known event, referred to here as a  
“missing storm.”  
5.1.1.1 False Positives 
 Tree-ring oxygen isotopes predominantly reflect the isotopic composition of the 
water they use to produce wood. Hurricanes bring anomalous precipitation to coastal 
sites, so many of the negative anomalous events recorded in the oxygen isotope proxy 
match to hurricane events. However, in several instances in this study, negative 
anomalies in the time series did not match to known hurricane events. Years with false 
positives from across the sites include 1942, 1948, 1958, 1967, 1973, 1982, 1983, 1994, 
and 2003.  
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Several anomalous false positive events are coincident with El Niño events 
including 1942, 1958, 1973, 1982, 1983, 1994, and 2003. Also, the events occurring in 
1982 and 1983, one of the strongest El Niño events on record, was recorded at all of the 
sites. The 1982–1983 El Niño had record producing amounts of rainfall within the 
Southeastern United States, leading me to hypothesize that the large amount of rain 
produced an “amount effect,” causing the precipitation to be depleted in 18O. However, I 
examined both at both seasonal (winter and summer) and annual precipitation totals, the 
years associated with these false positives do not rank as being the wettest years on 
record.  
 Another hypothesis is that strong El Niño events cause a change in source 
moisture region, enough to produce a recordable difference in the 18O of precipitation. El 
Niño is known to shift the jet stream to a more southerly position, causing northern storm 
tracks to move further south. This brings storms from higher latitudes and across the 
continent. The precipitation would likely be isotopically depleted in 18O due to a 
combination of latitude and continentality effect.  
While false positives occur at all sites in this study, they are more numerous at 
Eglin Air Force Base, possibly due to the numerous competing moisture sources from the 
Pacific, Gulf, and Atlantic. Whether these “false positives” truly represent random 
(stochastic) error needs further consideration. There are several physical-chemical 
processes that may result in a significant depletion of 18O in precipitation, including other 
climatological events (polar outbreak, microbursts, monsoonal rains). A major 
temperature anomaly or moisture source change may also appear to deplete typical 
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isotopic ratios. A definitive cause of the false positive is not currently clear, but future 
work may help to better understand these events. 
5.1.1.2 Missing Storms 
  Hurricanes are extremely dynamic systems with asymmetric patterns of 
precipitation, and the amount and distribution of the rain changes as the storms develop 
and die. Therefore, it is possible that a tree may receive no precipitation from a hurricane, 
even if a rain gauge five km away received ten cm of rain. Therefore, the most common 
reason for missed storms is most likely that no precipitation fell exactly at the study site.  
Although oxygen isotope ratios of hurricane precipitation may be more depleted 
in 18O than other types of precipitation at these latitudes, the distribution of 18O-depleted 
precipitation will be unique in every hurricane and could show considerable intra-
hurricane variation. Other than directly measuring the oxygen isotope composition of 
precipitation falling on the tree, there is no way of knowing whether a hurricane provided 
a tree with isotopically depleted rain.  
 From 1850 to 1950, in comparison to the modern verification period, the 
percentage of storms recorded by the proxy dramatically decreased at both Eglin Air 
Force Base and at Valdosta. One possible explanation for this decrease can be attributed 
to limited historical data. The HURDAT database is constantly being re-evaluated, 
largely because of errors in track. If tracks currently listed in this archive are incorrect, 
storms that appear to have tracked within our defined radius may not have, making our 
percentage of storms captured lower than what it should be. 
The decrease at both sites may also be attributed to changing climate modes, 
specifically the Pacific Decadal Oscillation. At both sites, during cool phase PDO (1890–
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1924, 1947–1976), the number of storms recorded by the proxy increases, but the 
percentage of activity recorded decreases. The PDO affects the climate of the southeast 
with cool and dry conditions during the cool phase (Mantua, 2000). Little work has been 
done to examine the effects of PDO on Atlantic hurricane activity, however these data do 
match with the basic premise that a warming in the tropical pacific increases wind shear 
and suppresses hurricane activity, while cooling in the tropical pacific has the opposite 
effect. It is possible that cool phase PDO reduces vertical wind shear, enhancing 
hurricane development, and increasing the number of hurricanes. However, it brings drier 
conditions to the Southeast, meaning higher evaporation rates that act to attenuate the 
hurricane signal. Future studies should examine the impacts of PDO on both Southeastern 
climate and North Atlantic hurricane activity.  
5.2 The tree-ring oxygen isotope proxy records evidence of natural variability  
 Another significant research question of this dissertation was to examine if the 
oxygen isotope proxy captured evidence for global scale climate modes. To address this 
question, multiple statistical techniques (correlation, spectral, and wavelet analyses) were 
used to evaluate relationships between the oxygen isotope time series and major climate 
indices such as the QBO, ENSO, AMO, PDO, NAO, and PDSI. This research revealed 
that there is evidence of these climate oscillations recorded in the tree-ring oxygen 
isotope proxy.  
 Correlations were found between the oxygen isotope time series and global (PDO 
and AMO) climate indices. Spectral analyses revealed frequencies that were similar to 
the QBO (2–3 years), ENSO (3–8 years), PDO, ENSO, or NAO (12–16 years), and Solar 
Cycles (11 and 22 years). Wavelet analyses revealed similar periods, but provided a time 
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for which these frequencies had the greatest impact. The timing of these influences was 
not the same at all sites, suggesting their effects are not spatially or temporally 
synchronous. The timing also differs seasonally, suggesting the impacts on the sites 
change throughout the year. This study shows promise for the ability to examine these 
climate modes using tree-ring oxygen isotopes and is one of very few to examine these 
climate modes with tree-ring isotopes instead of tree-ring width.  
The potential also exists to use the tree-ring oxygen isotope proxy to examine the 
effects of climate modes to better understand their influence on tropical cyclone activity. 
For example, QBO and ENSO like signals were found at all sites. In my data, there 
appears to be no correlation between these frequencies and the ability of the proxy to 
record hurricane events. However, these oscillations are known to have an influence on 
hurricane activity, so future development of the proxy may help to understand past QBO 
/ENSO conditions and therefore, a greater understanding of hurricane activity.  
At several sites, there were also 8- and 12- year frequencies present. These 
frequencies have been linked to relationships between solar activity, QBO, and ENSO. 
Specifically, it has been found that during periods of stronger solar activity, strong ENSO 
events occur every 12 years, while during periods of weaker solar activity, the events 
occur at 8-year intervals. At Sandy Island, there is a 12-year frequency in the earlywood 
from 1950–1964, a period known for having a strong ENSO event. At Eglin AFB, a 12-
year frequency dominates the earlywood from 1800–1850 and the latewood from 1962–
2002. This suggests that strong ENSO events may impact Florida more than South 
Carolina and that the impacts of these events change temporally, with respect to 
seasonality and the longer-term trend.  
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The 12- to 16-year frequencies could also be caused by the NAO however, there 
was no relationship between the timing of potential NAO frequencies (revealed by the 
wavelet analysis) and hurricane events. However, a simple count of storms recorded at all 
sites reveals some relationship to NAO. At Sandy Island and Francis Marion, the 
majority of hurricanes are recorded during positive NAO (steers hurricanes to east coast). 
At Eglin AFB, a cluster of hurricane events occurs in the late 1950s–1970s is coincident 
with a negative NAO (steers hurricanes more towards the gulf). However, this is also 
roughly coincident with a cool phase of the PDO. Interestingly, at all sites, the majority 
of hurricanes recorded occur during cool phase PDO, as explained below.  
During cool phase PDO (1890–1924, 1947–1976), the number of hurricane events 
recorded by the proxy in both Georgia and Florida, increases, but the percentage of 
activity recorded (within 200 km) decreases. As mentioned in a previous section, the cool 
phase PDO may act to increase hurricane frequency, but also may increase drought in the 
southeast. So, more storms were present for the proxy to record, but the drought 
conditions may have reduced the number that were recorded. Few studies have addressed 
the effects of PDO on a) Southeastern United States climate and b) on North Atlantic 
hurricane activity. This study supports the idea that connections between Pacific and 
Atlantic ocean-atmosphere processes, as well as their effects on North Atlantic hurricane 
activity, may be greater than we currently understand.  
No relationship was found between the hurricane events recorded by the oxygen 
isotope time series and the AMO. Currently, a debate exists about the recent rise in 
hurricane activity and its relationship to the AMO. Some suggest this is the primary cause 
of the increase, while others suggest that the increase is related to global warming, and 
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also indicate that the AMO is merely a statistical artifact. Implications of this are 
discussed below.  
5.3 Recommendations for risk prediction 
Risk prediction of hurricane impacts is largely based on modern instrumental data 
and hurricane best tracks that are available back to 1851. While satellite data provide the 
best record we have, problems are nonetheless associated with changes in satellite 
measurement and interpretation. Beyond satellite measurements, the historical 
documentation of best track data has inherent limitations, with data quality and reliability 
decreasing as we go back in time. Models use these limited data sets to predict future 
activity. Future advancements of hurricane modeling will come from studies directed at 
understanding regional hurricane activity using historical data and proxy reconstructions 
(Elsner and Jager, 2006). Therefore, understanding frequency at any scale will provide 
better data for models of future prediction.  
The data from this study are based on a small sample size (one tree per site), but 
are complimentary at two sites (Florida and Georgia) until the early 1700s. Therefore, 
these data provide the first annual, natural proxy-based estimates of hurricane activity 
before1850 for the Southeastern United States. Although these data represent only a 
preliminary study, they do provide us with a conservative estimate of hurricane activity 
for an additional 150 years before documentation. These data can lead those who 
investigate historical documentation to years of likely hurricane activity to build a more 
complete local picture of changing hurricane frequency.  
 The identification of periods of multiple negative anomalies inferred to be 
hurricane events in both Georgia and Florida provide strong evidence for an increase in 
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hurricane activity during these periods. Increase in activity is seen in both of these 
records during the periods 1710 to 1720, 1760 to 1780, 1810 to 1830, and 1840 to 1850. 
Using historical documents from the Caribbean, García-Herrera et al. (2005) found two 
periods of increased activity, 1766 to 1780 and 1800 to 1830. Another study of historical 
records for the Lesser Antilles found increases in activity (most storms per consecutive 
10-year period) between 1772 and 1781 and between 1807 and 1816 (Chenoweth and 
Divine, 2008). The findings in this research for Georgia and Florida correspond to these 
periods of increased activity, providing even stronger evidence that the oxygen isotope 
proxy will capture changes in hurricane frequency.  
5.3.1 Can the proxy tie changes in hurricane occurrence to natural versus anthropogenic 
causes? 
A debate exists on the role of natural versus anthropogenic forcing as the cause of 
the recent increase in hurricane activity. In the absence of direct measurements, it is 
difficult to interpret trends in hurricane frequency over time. The oxygen isotope proxy 
provides the longest record of hurricane activity for these local sites and provides a 
general look at regional activity. This proxy only provides a minimum estimate of 
activity and documents the flucuations in hurricane activity over time.  
At Eglin AFB, combining the proxy data prior to 1850 with “known” recorded 
data after 1850 reveals no significant long-term trends (either an increase or decrease) in 
hurricane activity. There are short periods of increased/decreased activity over the entire 
time series (1710–1720, 1760–1780, 1810–1830, and 1840–1850), likely caused by 
natural climate variability. I examined the number of storms recorded by the proxy in 50-
year segments. From 1710–1759, the proxy recorded 11 storms in Florida, 15 in Georgia; 
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1760–1809, 3 in Florida, 16 in Georgia; 1810–1859, 18 in Florida, 16 in Georgia; 1860–
1909, 6 in Florida, 10 in Georgia; 1910–1959, 3 in Florida, 7 in Georgia; and from 1960–
1999, 5 in Florida, 2 in Georgia.  
These represent a minimum estimate of activity because the proxy does not record 
all storms. Therefore, I conclude that the data do not support an increasing trend in the 
number of tropical cyclones over the past ~300 years. If anything, the data suggest a 
decline in number of events over the last century. This decline is consistent with recent 
studies of US landfall rates (Landsea et al., 1999; Elsner et al., 2004) and proxy 
reconstructions for Puerto Rico (Nyberg et al., 2007) and the Lesser Antilles (Chenoweth 
and Divine, 2008).  
Data from the tree-ring oxygen isotope proxy, at this time, cannot fully answer the 
question or the effects of anthropogenic change on hurricane activity. The effects of 
anthropogenic global warming may come in the form of an increase in intensity and this 
proxy cannot determine if there is a change in intensity over time. Again, it does show 
that hurricane frequency is variable over time and suggests that the recent increase is not 
anomalous, or more likely, is not an increase. More studies of this kind are needed to 
better assess the question of natural versus anthropogenic causes of increased hurricane 
activity. 
5.4 Recommendations for future research 
  
 While this study further demonstrates the feasibility of using tree-ring oxygen 
isotopes as an indicator of local (hurricanes and droughts) extreme climate events, long-
term regional climate, and global climate modes (QBO, ENSO, and PDO), many 
questions remain unanswered, providing abundant opportunities for future research. The 
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major areas of future study include: (1) extending the length of tree-ring oxygen isotope 
time series across the Southeastern United States; (2) expanding the spatial distribution of 
tree-ring oxygen isotope time series across the Southeastern United States; (3) in-depth 
site analysis of the 18O of soil water and physical mechanisms which may deplete the soil 
water column of 18O or alter/attenuate the isotopic composition of precipitation input into 
the soil; (4) examining the effects of decadal-scale climate modes on tree growth and the 
resulting oxygen isotope time series; and, (5) addition of multiple isotope (oxygen, 
carbon, hydrogen) time series and paired ring-width studies. 
 Currently, few longleaf pine tree-ring chronologies exist in the Southeastern U.S., 
but the potential for (1) pushing the tree-ring record back in time and (2) developing a 
more extensive network of tree-ring sites is great (Henderson, 2006). Old-growth 
longleaf pine forests likely exist across the entire Southeastern U.S. Coastal Plain region 
in isolated stands surrounded by areas that have been extensively logged. If we develop 
oxygen isotope time series from longleaf pine chronologies across this entire area, we 
will have access to a rich archive of hurricane events, as well as a chance to put together 
a more complete picture of Southeastern regional climate. The more local data we have, 
the better we can put together a more regional picture of hurricane frequency over time. 
Eventually, a denser network of longleaf pine tree-ring chronologies may yield 
information on changing spatial aspects of hurricane activity. For example, if 
reconstructed hurricanes show landfall in predominantly Gulf Coast locations for a 
specific period, we can infer strengthened Atlantic high pressure caused by a positive 
phase of the North Atlantic Oscillation. 
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 Future studies should incorporate oxygen isotope analyses of the soil water 
column. At all sites, both “false positives” and “missing storms” were issues. False 
positives occur when a negative anomaly does not match to a known hurricane event. 
When beyond periods with documentation, these cannot be distinguished from hurricane 
events. The identity of these false positives is not yet known, however many of them are 
coincident with strong El Niño events. With careful monitoring of the oxygen isotopes in 
precipitation and the soil water column, it may be possible to identify these events that 
deplete waters of 18O.  
“Missing storms” is a concern because beyond modern documentation, we cannot 
know when we have truly missed a storm. Obviously, missing storms causes an 
underestimate in activity. Why do we miss storms? Is it specific to the hurricane or is it 
related to over-riding climate modes masking hurricane signals? Again, monitoring 
oxygen isotopes in precipitation may provide evidence of the variable nature of the 
oxygen isotopes in hurricane precipitation, shedding light on whether storms are really 
“missed” or if they simply did not produce depleted precipitation.  
 Also, soil water studies are needed to identify how pre-existing soil 
conditions affect whether a hurricane is recorded. What does it take to push the soil water 
system to anomalous isotopic values? For example, if drought conditions prevail, water in 
the soil column may be relatively enriched in 18O. When mixed with depleted 18O values 
from a hurricane event, the net result may not be an anomalous value. Understanding the 
mixing of waters in the soil column may provide additional insight into why storms are 
not recorded.  
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 Climate modes and their effects on the δ18O of tree-ring cellulose need to be 
further explored. Very limited work has been done to understand climate modes of the 
Southeastern United States and most of these have been conducted on a very broad scale. 
Smaller scale studies with greater spatial distribution will elucidate the role of climate 
modes on local climates and help put together a more complete regional picture.  
Determining the effects of different climate modes on the Southeastern United 
States is difficult because no one single climate factor seems to be dominant, or the 
dominance of one over the other changes over time. Future work should incorporate 
oxygen isotope time series and additional isotope systems such as carbon and hydrogen 
isotope time series coupled with more ring-width studies. In addition, more robust 
statistical techniques, such as cross wavelet analysis, may help elucidate the role of 
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APPENDIX 1: Raw and Corrected oxygen isotope values for Francis Marion National 
Forest, South Carolina (1945–2000) 
 
Abbreviations: EW = Earlywood; LW = Latewood; EW + LW = Earlywood plus 
Latewood (where ring was too narrow to subdivide); AVE = Average; STD = Standard 
Deviation   
YEAR RAW CORRECTED AVE STD 
     
Sigma 7.31    
Sigma 7.41    
Sigma 7.63    
     
1945EW 11.67 31.52   
1945EW 11.15 30.96 31.06 0.38 
1945EW 10.94 30.71   
     
1945LW 12.49 32.22   
1945LW 12.27 31.96 32.01 0.15 
1945LW 12.20 31.86   
     
Sigma 7.73 27.34   
     
1946EW 12.57 32.28   
1946EW 12.48 32.20 32.34 0.19 
1946EW 12.82 32.56   
     
1946LW 11.91 31.66   
1946LW 12.23 31.99 31.76 0.20 
1946LW 11.86 31.63   
     
Sigma 7.56 27.34   
     
1947EW 13.12 32.82   
1947EW 12.23 31.92 32.35 0.45 
1947EW 12.63 32.31   
     
1947LW 10.73 30.40   
1947LW 10.75 30.41 30.38 0.04 
1947LW 10.66 30.32   
     
Sigma 7.70 27.34   
     
1948EW 15.28 34.74   
1948EW 14.76 34.20 34.46 0.26 
1948EW 15.03 34.44   
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YEAR RAW CORRECTED AVE STD 
1948LW 11.72 31.11   
1948LW 11.79 31.16 31.20 0.15 
1948LW 12.00 31.35   
     
Sigma 8.02 27.34   
     
1949EW 14.67 34.21   
1949EW 11.53 31.10 34.20 3.07 
1949EW 17.68 37.28   
     
1949LW 11.33 30.96   
1949LW 11.80 31.45 31.28 0.26 
1949LW 11.76 31.44   
     
Sigma 7.63 27.34   
     
1950EW 14.70 34.40   
1950EW 15.56 35.25 35.34 0.99 
1950EW 16.67 36.37   
     
1950LW 11.81 31.50   
1950LW 12.20 31.90 31.71 0.20 
1950LW 12.04 31.73   
     
Sigma 7.53    
Sigma 7.77    
 7.65 27.34   
     
 7.86    
1951EW 16.14 35.79   
1951EW 16.49 36.17 36.26 0.50 
1951EW 17.12 36.81   
     
1951LW 12.41 32.13   
1951LW 11.90 31.64 32.07 0.40 
1951LW 12.68 32.44   
     
Sigma 7.55 27.34   
     
Sigma 7.98    
Sigma 7.90    
Sigma 8.02    
1952EW 17.16 36.43   
1952EW 17.10 36.37 36.00 0.69 
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YEAR RAW CORRECTED AVE STD 
1952LW 12.06 31.31   
1952LW 12.14 31.39 31.34 0.04 
1952LW 12.08 31.32   
     
Sigma 8.10 27.34   
     
1953EW 17.20 36.25   
1953EW 17.39 36.42 36.52 0.36 
1953EW 17.90 36.90   
     
1953LW 12.14 31.12   
1953LW 12.02 30.97 30.96 0.14 
1953LW 11.86 30.79   
     
Sigma 8.44 27.34   
     
1954EW 14.67 33.91   
1954EW 13.90 33.19 33.80 0.55 
1954EW 14.97 34.30   
     
1954LW 14.89 34.27   
1954LW 14.49 33.90 34.01 0.27 
1954LW 14.39 33.85   
     
Sigma 7.84 27.34   
     
1955EW 15.90 35.39   
1955EW 15.82 35.30 35.46 0.21 
1955EW 16.21 35.70   
     
1955LW 11.11 30.59   
1955LW 11.15 30.63 30.72 0.19 
1955LW 11.45 30.93   
     
Sigma 7.86 27.34   
Sigma 7.37    
Sigma 7.08    
Sigma 7.26    
1956EW 15.34 35.53   
1956EW 14.68 34.89 35.08 0.41 
1956EW 14.58 34.80   
1956LW 12.52 32.76   
1956LW 12.73 32.98 32.82 0.14 
1956LW 12.46 32.73   
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YEAR RAW CORRECTED AVE STD 
SIGMA 7.06 27.34   
     
     
1957EW 13.20 33.49   
1957EW 12.66 32.95 33.32 0.32 
1957EW 13.24 33.53   
     
1957LW 11.67 31.96   
1957LW 11.42 31.71 31.90 0.16 
1957LW 11.73 32.02   
     
SIGMA 7.05 27.34   
     
1958EW 12.24 32.46   
1958EW 13.12 33.32 33.02 0.50 
1958EW 13.10 33.29   
     
1958LW 10.67 30.85   
1958LW 10.89 31.06 31.00 0.14 
1958LW 10.92 31.08   
     
SIGMA 7.19 27.34   
     
1959EW 13.10 33.00   
1959EW 12.85 32.72 32.83 0.13 
1959EW 12.94 32.78   
     
1959LW 10.49 30.29   
1959LW 10.53 30.30 30.17 0.20 
1959LW 10.17 29.91   
     
SIGMA 7.63 27.34   
     
1960EW 14.24 34.38   
1960EW 14.00 34.19 34.21 0.22 
1960EW 13.81 34.06   
     
1960LW 11.20 31.51   
1960LW 10.95 31.31 31.44 0.13 
1960LW 11.10 31.51   
SIGMA 6.87 27.34   
1961EW 13.59 33.73   
1961EW 14.18 34.26 34.30 0.65 
1961EW 14.88 34.90   
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YEAR RAW CORRECTED AVE STD 
SIGMA 7.39 27.34   
SIGMA 7.20    
SIGMA 8.42    
SIGMA 8.41    
SIGMA 8.10    
     
1961LW 12.72 31.90   
1961LW 12.55 31.72 31.81 0.08 
1961LW 12.65 31.81   
     
SIGMA 8.20 27.34   
     
1962EW 15.79 34.79   
1962EW 17.15 36.13 35.83 0.94 
1962EW 17.60 36.56   
     
1962LW 14.88 33.83   
1962LW 15.54 34.47 33.94 0.48 
1962LW 14.61 33.52   
     
SIGMA 8.45 27.34   
     
1963EW 16.40 35.38   
1963EW 15.99 34.98 35.26 0.25 
1963EW 16.43 35.43   
     
1963LW 15.70 34.71   
1963LW 15.83 34.85 34.66 0.24 
1963LW 15.37 34.41   
     
SIGMA 8.30 27.34   
     
1964EW 16.06 35.05   
1964EW 15.95 34.94 35.27 0.49 
1964EW 16.85 35.83   
     
1964LW 13.24 32.22   
1964LW 12.95 31.91 31.94 0.25 
1964LW 12.74 31.70   
     
SIGMA 8.38 27.34   
1965EW 16.22 35.23   
1965EW 16.31 35.32 35.26 0.06 
1965EW 16.19 35.21   
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YEAR RAW CORRECTED AVE STD 
1965LW 13.09 32.13   
1965LW 13.08 32.12 32.12 0.02 
1965LW 13.06 32.11   
     
SIGMA 8.29 27.34   
     
1966EW 14.26 33.29   
1966EW 15.27 34.29 34.20 0.88 
1966EW 16.01 35.03   
     
1966LW 13.26 32.28   
1966LW 12.31 31.33 31.80 0.48 
1966LW 12.76 31.78   
     
SIGMA 8.33 27.34   
SIGMA 8.32    
      
SIGMA 6.78    
     
1967LW 11.08 31.27   
1967LW 11.94 32.08 31.77 0.48 
1967LW 11.87 31.96   
     
1968EW 11.64 31.69   
1968EW 14.05 34.05 33.46 1.60 
1968EW 14.68 34.64   
     
SIGMA 7.43 27.34   
     
1968LW 11.06 30.65   
1968LW 10.98 30.53 30.57 0.04 
1968LW 11.00 30.52   
     
1969EW 12.90 32.38   
1969EW 14.00 33.44 33.28 0.88 
1969EW 14.63 34.03   
SIGMA 7.98 27.34   
1969LW 8.96 28.12   
1969LW 9.37 28.51 28.63 0.61 
1969LW 10.16 29.27   
     
1970EW 13.88 32.96   
1970EW 13.17 32.22 32.43 0.44 
1970EW 13.07 32.10   
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YEAR RAW CORRECTED AVE STD 
     
SIGMA 8.33 27.34   
     
1970LW 10.47 30.00   
1970LW 9.41 29.00 29.58 0.54 
1970LW 10.07 29.73   
     
1971EW 15.96 35.69   
1971EW 13.48 33.27 34.41 1.25 
1971EW 14.41 34.26   
     
SIGMA 7.42 27.34   
     
1971LW 9.10 29.03   
1971LW 10.02 29.96 29.12 0.80 
1971LW 8.43 28.36   
     
1972EW 12.11 32.05   
1972EW 12.90 32.84 32.09 0.74 
1972EW 11.43 31.37   
     
SIGMA 7.40 27.34   
     
1972LW 9.99 30.04   
1972LW 9.60 29.67 29.63 0.45 
1972LW 9.08 29.17   
     
SIGMA 7.23 27.34   
     
SIGMA 8.23    
     
1973EW 15.45 34.55   
1973EW 13.93 33.03 33.33 1.09 
1973EW 13.33 32.43   
     
SIGMA 8.24 27.34   
     
1973LW 9.38 28.82   
1973LW 9.43 28.91 29.17 0.50 
1973LW 10.27 29.79   
1974EW 13.47 33.03   
1974EW 13.65 33.26 33.50 0.59 
1974EW 14.57 34.21   
SIMGA 7.65 27.34   
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YEAR RAW CORRECTED AVE STD 
1974LW 10.28 29.93   
1974LW 10.19 29.84 30.01 0.22 
1974LW 10.61 30.26   
     
1975EW 14.28 33.93   
1975EW 12.59 32.22 33.12 0.85 
1975EW 13.59 33.22   
     
SIGMA 7.71 27.34   
     
1975LW 10.12 29.64   
1975LW 9.70 29.21 29.46 0.22 
1975LW 10.04 29.53   
     
1976EW 14.22 33.70   
1976EW 15.53 35.00 34.73 0.94 
1976EW 16.05 35.50   
     
SIGMA 7.90 27.34   
     
1976LW 10.96 30.21   
1976LW 10.69 29.92 29.53 0.91 
1976LW 9.27 28.47   
     
1977EW 17.44 36.62   
1977EW 17.29 36.45 36.48 0.10 
1977EW 17.24 36.37   
     
SIGMA 8.23 27.34   
     
1977LW 13.25 32.50   
1977LW 13.60 32.87 32.64 0.20 
1977LW 13.25 32.54   
     
1978EW 17.10 36.41   
1978EW 14.89 34.22 35.74 1.32 
1978EW 17.24 36.59   
SIGMA 7.97 27.34   
1978LW 13.78 33.99   
1978LW 12.69 33.01 33.24 0.77 
1978LW 12.29 32.71   
1979EW 14.59 35.12   
1979EW 17.55 38.29   
1979EW 15.22 35.85 36.42 1.56 
 182 
APPENDIX 1 Continued. 
YEAR RAW CORRECTED AVE STD 
     
SIGMA 6.50 27.34   
     
SIRFER 8.90    
     
1979LW 12.91 32.93   
1979LW 13.08 33.13 32.88 0.30 
1979LW 12.50 32.58   
     
1980EW 15.01 35.13   
1980EW 14.27 34.41 34.89 0.41 
1980EW 14.96 35.13   
     
SIGMA 7.14 27.34   
     
1980LW 13.29 33.25   
1980LW 13.60 33.52 33.43 0.20 
1980LW 13.65 33.53   
     
SIGMA 7.51 27.34   
     
1981EW 16.07 35.93   
1981EW 15.73 35.60 35.59 0.35 
1981EW 15.36 35.24   
     
1981LW 12.52 32.40   
1981LW 13.04 32.93 32.84 0.40 
1981LW 13.30 33.19   
     
SIGMA 7.45 27.34   
     
1982EW 14.53 34.20   
1982EW 13.89 33.53 33.91 0.34 
1982EW 14.40 34.01   
     
1982LW 10.62 30.21   
1982LW 10.71 30.26 30.17 0.11 
1982LW 10.50 30.02   
     
SIGMA 7.84 27.34   
1983EW 12.65 32.38   
1983EW 15.34 35.09 33.80 1.34 
1983EW 14.14 33.93   
1983LW 11.24 31.06   
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YEAR RAW CORRECTED AVE STD 
1983LW 9.09 28.93 29.93 1.08 
1983LW 9.95 29.82   
     
SIGMA 7.44 27.34   
     
1984EW 15.75 35.56   
1984EW 13.06 32.87 34.35 1.37 
1984EW 14.84 34.63   
     
1984LW 12.45 32.23   
1984LW 12.48 32.25 32.22 0.03 
1984LW 12.42 32.18   
     
     
SIGMA 7.59 27.34   
     
1985EW 11.47 31.23   
1985EW 11.93 31.69 32.66 2.08 
1985EW 15.28 35.05   
     
SIGMA 7.57 27.34   
     
1985LW 14.42 33.34   
1985LW 15.48 34.42 33.46 0.91 
1985LW 13.67 32.63   
     
1986EW+LW 14.53 33.51   
1986EW+LW 15.50 34.50 34.32 0.71 
1986EW+LW 15.92 34.94   
     
SIGMA 8.30 27.34   
     
1987EW 15.24 34.47   
1987EW 15.22 34.47 34.46 0.03 
1987EW 15.19 34.46   
     
1987LW 17.46 36.75   
1987LW 17.07 36.39 36.56 0.20 
1987LW 17.21 36.55   
SIGMA 7.98 27.34   
     
1988EW 14.72 34.01   
1988EW 12.93 32.21 32.95 0.93 
1988EW 13.36 32.64   
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YEAR RAW CORRECTED AVE STD 
1988LW 14.45 33.71   
1988LW 13.30 32.56 33.34 0.67 
1988LW 14.49 33.74   
     
SIGMA 8.10 27.34   
     
1989EW 12.85 32.01   
1989EW 15.18 34.34 33.71 1.50 
1989EW 15.64 34.78   
     
1989LW 13.89 33.03   
1989LW 13.48 32.60 32.11 1.23 
1989LW 11.59 30.70   
     
SIGMA 8.23 19.11   
     
     
1990EW 15.25 34.54   
1990EW 15.29 34.59 34.41 0.28 
1990EW 14.78 34.11   
     
1990LW 14.54 33.89   
1990LW 14.86 34.24 33.91 0.33 
1990LW 14.20 33.60   
     
SIGMA 7.92 27.34   
     
1991EW 12.90 32.18   
1991EW 15.31 34.58 33.50 1.22 
1991EW 14.47 33.72   
     
1991LW 15.64 34.88   
1991LW 12.97 32.19 33.10 1.52 
1991LW 13.03 32.23   
SIGMA 8.15 27.34   
SIGMA 6.91    
     
1992EW 13.56 33.79   
1992EW 13.57 33.77 33.71 0.09 
1992EW 13.40 33.58   
     
1992LW 12.01 32.16   
1992LW 11.71 31.84 31.62 0.64 
1992LW 10.78 30.88   
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YEAR RAW CORRECTED AVE STD 
     
SIGMA 7.27 27.34   
     
1993EW 15.12 35.71   
1993EW 15.50 36.15 36.08 0.28 
1993EW 15.67 36.39   
     
1993LW 12.56 33.34   
1993LW 12.46 33.31 33.07 0.28 
1993LW 11.66 32.57   
     
SIGMA 6.36 27.34   
     
1994EW 13.90 34.62   
1994EW 13.11 33.80 34.36 0.49 
1994EW 14.00 34.66   
     
1994LW 11.00 31.62   
1994LW 11.65 32.24 32.23 0.64 
1994LW 12.29 32.85   
     
SIGMA 6.81 27.34   
     
1995EW 14.10 34.43   
1995EW 14.09 34.39 34.27 0.22 
1995EW 13.72 33.99   
     
1995LW 11.52 31.77   
1995LW 11.05 31.28 31.50 0.24 
1995LW 11.24 31.45   
     
SIGMA 7.16 27.34   
1996EW 14.43 35.27   
1996EW 13.67 34.60 35.29 0.67 
1996EW 15.00 36.01   
     
1996LW 10.94 32.03   
1996LW 10.35 31.52 32.07 0.53 
1996LW 11.41 32.67   
     
SIGMA 6.00 27.34   
1997EW 16.61 38.24   
1997EW 16.87 38.55 37.56 1.49 
1997EW 14.18 35.89   
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YEAR RAW CORRECTED AVE STD 
1997LW 11.09 32.83   
1997LW 11.33 33.11 32.85 0.28 
1997LW 10.78 32.60   
     
SIGMA 5.48 27.34   
     
SIGMA 7.87    
     
1998EW 15.53 34.95   
1998EW 15.90 35.32 35.11 0.19 
1998EW 15.63 35.05   
     
1998LW 12.90 32.30   
1998LW 12.81 32.21 31.99 0.47 
1998LW 12.05 31.44   
     
SIGMA 7.95 27.34   
     
1999EW 16.69 36.21   
1999EW 16.71 36.25 36.00 0.41 
1999EW 15.99 35.54   
     
1999LW 12.48 32.05   
1999LW 12.02 31.61 31.80 0.24 
1999LW 12.13 31.73   
     
SIGMA 7.72 27.34   
     
2000EW 16.80 36.36   
2000EW 15.96 35.51 36.04 0.46 
2000EW 16.69 36.24   
     
2000LW 13.33 32.87   
2000LW 13.98 33.52 33.14 0.34 
2000LW 13.51 33.04   
     
SIGMA 7.82 27.34   
     
1967EW 17.52 37.28   
1967EW 17.41 37.21 36.71 0.97 
1967EW 15.79 35.64   
     
SIGMA 7.44 27.34   
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APPENDIX 2: Raw and Corrected oxygen isotope values for Sandy Island, South 
Carolina (1940–1996) 
 
Abbreviations: EW = Earlywood; LW = Latewood; EW + LW = Earlywood plus 
Latewood (where ring was too narrow to subdivide); AVE = Average; STD = Standard 
Deviation   
YEAR RAW CORRECTED AVE STD 
     
SIGMA 33.67    
SIGMA 34.07    
SIGMA 33.69    
SIGMA 33.99    
     
1940EW 40.98 34.57   
1940EW 40.83 34.45 34.58 0.12 
1940EW 41.08 34.72   
     
1940LW 36.07 29.74   
1940LW 36.75 30.45 30.26 0.43 
1940LW 36.86 30.60   
     
SIGMA 33.58 27.34   
     
1941EW 39.84 33.22   
1941EW 39.99 33.33 33.32 0.14 
1941EW 40.12 33.41   
     
1941LW 37.53 30.77   
1941LW 35.69 28.89 29.66 0.95 
1941LW 36.17 29.32   
     
SIGMA 34.24 27.34   
     
1942EW 38.14 31.49   
1942EW 38.24 31.62 31.86 0.51 
1942EW 39.06 32.47   
     
1942LW 36.03 29.46   
1942LW 36.01 29.48 29.43 0.10 
1942LW 35.84 29.34   
     
SIGMA 33.81 27.34   
1943EW 36.88 30.49   
1943EW 38.60 32.22 31.57 0.93 
1943EW 38.37 32.00   
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YEAR RAW CORRECTED AVE STD 
1943LW 37.91 31.55   
1943LW 37.26 30.91 31.23 0.32 
1943LW 37.56 31.23   
     
SIGMA 33.66 27.34   
     
1944EW 39.61 33.25   
1944EW 39.25 32.89 32.78 0.53 
1944EW 38.57 32.20   
     
1944LW 36.56 30.19   
1944LW 37.61 31.24 30.84 0.57 
1944LW 37.45 31.08   
     
SIGMA 33.72 27.34   
     
1945EW 38.39 31.94   
1945EW 37.92 31.46 31.70 0.23 
1945EW 38.18 31.71   
     
1945LW 35.34 28.86   
1945LW 35.21 28.72 29.22 0.77 
1945LW 36.60 30.10   
     
SIGMA 33.86 27.35   
SIGMA 33.82    
     
     
SIGMA 33.80    
SIGMA 33.90    
SIGMA 33.79    
SIGMA 33.65    
     
1946EW 37.78 31.27   
1946EW 37.86 31.33 31.56 0.48 
1946EW 38.65 32.09   
     
1946LW 38.40 31.81   
1946LW 36.83 30.22 30.73 0.92 
1946LW 36.79 30.16   
SIGMA 34.00 27.34   
1947EW 38.77 31.77   
1947EW 39.12 32.10 31.67 0.47 
1947EW 38.19 31.14   
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YEAR RAW CORRECTED AVE STD 
1947LW 36.13 29.05   
1947LW LOST LOST 29.05 0.00 
1947LW LOST    
     
SIGMA LOST    
     
1948EW 36.67 29.56   
1948EW 37.57 30.43 30.14 0.53 
1948EW 37.62 30.45   
     
1948LW 36.54 29.35   
1948LW 37.12 29.90 29.36 0.52 
1948LW 36.09 28.84   
     
SIGMA 34.62 27.34   
     
1949EW 38.61 31.72   
1949EW 38.84 32.01 32.42 0.92 
1949EW 40.30 33.52   
     
1949LW 37.69 30.95   
1949LW 37.00 30.31 30.50 0.44 
1949LW 36.86 30.23   
     
SIGMA 33.93 27.34   
     
1950EW 39.42 32.90   
1950EW 39.73 33.21 33.39 0.59 
1950EW 40.56 34.05   
     
1950LW 36.73 30.22   
1950LW 36.61 30.11 30.13 0.09 
1950LW 36.56 30.07   
     
SIGMA 33.82 27.34   
     
1951EW 39.42 32.73   
1951EW 39.76 33.05 32.64 0.45 
1951EW 38.87 32.13   
     
1951LW 36.96 30.20   
1951LW 37.61 30.82 30.66 0.43 
1951LW 37.78 30.96   
SIGMA 34.18 27.34   
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YEAR RAW CORRECTED AVE STD 
SIGMA 33.78    
SIGMA 33.65    
SIGMA 33.75    
SIGMA 33.58    
     
1952EW 39.62 33.31   
1952EW 39.54 33.23 33.18 0.16 
1952EW 39.32 32.99   
     
1952LW 36.83 30.49   
1952LW 36.72 30.37 30.45 0.07 
1952LW 36.84 30.49   
     
SIGMA 33.70 27.34   
     
1953EW 41.38 35.03   
1953EW 41.99 35.64 35.40 0.33 
1953EW 41.90 35.55   
     
1953LW 37.27 30.92   
1953LW 36.78 30.43 30.64 0.25 
1953LW 36.91 30.56   
     
SIGMA 33.69 27.34   
     
1954EW 38.90 32.62   
1954EW 38.53 32.26 32.49 0.21 
1954EW 38.87 32.61   
     
1954LW 38.15 31.90   
1954LW 37.94 31.70 31.67 0.20 
1954LW 37.76 31.42   
     
SIGMA 33.57 27.34   
     
1955EW 40.31 33.82   
1955EW 39.70 33.18 33.54 0.32 
1955EW 40.16 33.61   
     
1955LW 36.25 29.66   
1955LW 36.69 30.07 29.51 0.63 
1955LW 35.44 28.79   
SIGMA 34.02 27.34   
1956EW 42.30 35.90   
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YEAR RAW CORRECTED AVE STD 
1956EW 42.02 35.65 35.95 0.32 
1956EW 42.66 36.32   
     
1956LW 37.49 31.19   
1956LW 37.31 31.04 31.38 0.44 
1956LW 38.15 31.91   
     
SIGMA 33.54 27.34   
     
SIRFER 34.89    
SIRFER 34.53    
SIGMA 34.82    
SIGMA 34.65    
     
1957EW 38.01 30.49   
1957EW 38.14 30.60 30.46 0.14 
1957EW 37.86 30.29   
     
1957LW 37.03 29.45   
1957LW 36.78 29.17 29.39 0.20 
1957LW 37.19 29.55   
     
SIGMA 35.00 27.34   
     
1958EW 38.50 31.12   
1958EW 37.95 30.60 30.60 0.55 
1958EW 37.40 30.09   
     
1958LW 38.04 30.76   
1958LW 37.07 29.83 30.22 0.51 
1958LW 37.27 30.06   
     
SIGMA 34.51 27.34   
1959EW 38.29 30.98   
1959EW 37.38 30.05 30.54 0.46 
1959EW 37.94 30.59   
     
1959LW 38.07 30.70   
1959LW LOST  30.66 0.03 
1959LW 38.02 30.62   
SIGMA 34.76 27.34   
1960EW 38.07 30.81   
1960EW 38.11 30.87 30.97 0.21 
1960EW 38.46 31.23   
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YEAR RAW CORRECTED AVE STD 
1960LW 38.84 31.64   
1960LW 38.61 31.42 30.97 0.15 
1960LW 38.56 31.39   
     
SIGMA 34.49 27.34   
     
1961EW 40.01 32.69   
1961EW 41.54 34.19 33.54 0.79 
1961EW 41.13 33.74   
     
1961LW LOST    
1961LW 38.63 31.17 30.81 0.48 
1961LW 37.95 30.46   
     
SIGMA 34.87 27.34   
     
1962EW 39.36 31.78   
1962EW 41.46 33.87 32.76 1.05 
1962EW 40.23 32.63   
     
1962LW 42.87 35.27   
1962LW 41.53 33.92 34.37 0.77 
1962LW 41.53 33.91   
     
SIGMA 34.96 27.34   
     
SIRFER 33.72    
SIRFER 33.94    
     
SIGMA 31.45    
SIGMA 32.24    
     
1963EW 40.82 36.13   
1963EW 40.72 36.05 35.61 0.85 
1963EW 39.30 34.66   
     
1963LW 39.19 34.58   
1963LW 40.12 35.53 34.97 0.49 
1963LW 39.37 34.81   
SIGMA 31.88 27.34   
     
1964EW 37.26 33.28   
1964EW 38.34 34.42 33.95 0.55 
1964EW 37.99 34.15   
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YEAR RAW CORRECTED AVE STD 
1964LW 35.00 31.23   
1964LW 35.33 31.62 31.43 0.23 
1964LW LOST    
     
SIGMA 30.91 27.34   
     
1965EW 36.92 33.09   
1965EW 37.77 33.90 33.43 0.43 
1965EW 37.20 33.30   
     
1965LW 35.87 31.94   
1965LW 35.50 31.53 31.54 0.36 
1965LW 35.16 31.16   
     
SIGMA 31.37 27.34   
     
1966EW 37.75 33.66   
1966EW 37.77 33.66 33.78 0.22 
1966EW 38.14 34.03   
     
1966LW 37.48 33.37   
1966LW 38.53 34.40 33.87 0.52 
1966LW 37.96 33.83   
     
SIGMA 31.48 27.34   
     
1967EW 37.99 33.69   
1967EW 38.79 34.47 34.48 0.82 
1967EW 39.63 35.29   
     
1967LW 36.92 32.56   
1967LW 37.81 33.43 33.09 0.49 
1967LW 37.70 33.29   
     
SIGMA 31.76 27.34   
1968EW 38.70 34.37   
1968EW 36.90 32.58 33.42 0.91 
1968EW 37.60 33.30   
     
1968LW 38.54 34.25   
1968LW 39.03 34.75 34.49 0.24 
1968LW 38.73 34.46   
SIGMA 31.60 27.34   
SIGMA 31.61    
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YEAR RAW CORRECTED AVE STD 
SIGMA 32.40    
SIGMA 32.45    
SIGMA 31.92    
SIGMA 32.53    
     
1969EW 39.42 34.48   
1969EW 39.07 34.17 34.51 0.36 
1969EW 39.76 34.89   
     
1969LW 38.69 33.85   
1969LW 38.93 34.13 33.87 0.27 
1969LW 38.40 33.62   
     
SIGMA 32.08 27.34   
     
1970EW 38.53 33.56   
1970EW 39.77 34.79 34.13 0.63 
1970EW 39.07 34.05   
     
1970LW 37.76 32.71   
1970LW 38.07 33.00 32.88 0.17 
1970LW 38.04 32.94   
     
SIGMA 32.46 27.34   
     
1971EW 40.54 35.67   
1971EW 40.25 35.40 35.57 0.15 
1971EW 40.46 35.64   
     
1971LW 36.86 32.08   
1971LW 37.37 32.61 32.22 0.35 
1971LW 36.69 31.96   
     
SIGMA 32.03 27.34   
     
1972EW 36.80 32.11   
1972EW 36.62 31.94 31.89 0.25 
1972EW 36.31 31.63   
     
1972LW 37.44 32.76   
1972LW 37.40 32.72 32.71 0.05 
1972LW 37.34 32.66   
SIGMA 32.02 27.34   
1973EW 38.83 34.10   
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YEAR RAW CORRECTED AVE STD 
1973EW 38.48 33.75 33.69 0.43 
1973EW 37.96 33.22   
     
1973LW 36.69 31.95   
1973LW 36.48 31.73 31.70 0.27 
1973LW 36.16 31.41   
     
SIGMA 32.10 27.34   
     
1974EW 40.06 35.26   
1974EW 40.08 35.28 35.07 0.34 
1974EW 39.47 34.67   
     
1974LW 38.50 33.69   
1974LW 38.62 33.81 33.26 0.84 
1974LW 37.10 32.29   
     
SIGMA 32.16 27.34   
SIGMA 32.12    
SIGMA 31.71    
SIGMA 31.79    
     
1975EW 39.56 35.11   
1975EW 39.40 34.95 34.91 0.23 
1975EW 39.11 34.66   
     
1975LW 37.25 32.80   
1975LW 37.37 32.92 32.68 0.31 
1975LW 36.79 32.34   
     
SIGMA 31.80 27.34   
     
1976EW 37.72 33.50   
1976EW 38.39 34.20 33.91 0.34 
1976EW 38.20 34.04   
     
1976LW LOST    
1976LW 39.27 35.16 33.94 1.75 
1976LW 36.79 32.72   
     
SIGMA 31.38 27.34   
1977EW 41.89 37.82   
1977EW 41.95 37.87 37.95 0.20 
1977EW 42.26 38.17   
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YEAR RAW CORRECTED AVE STD 
1977LW 38.37 34.28   
1977LW 38.90 34.81 34.55 0.27 
1977LW 38.65 34.56   
     
SIGMA 31.44 27.34   
     
1978EW 39.06 35.05   
1978EW 39.15 35.14 34.96 0.25 
1978EW 38.67 34.68   
     
1978LW 37.71 33.73   
1978LW 37.52 33.55 33.75 0.21 
1978LW 37.94 33.98   
     
SIGMA 31.29 27.34   
     
1979EW 39.97 35.63   
1979EW 39.45 35.06 35.30 0.26 
1979EW 39.64 35.21   
     
1979LW 37.43 32.94   
1979LW 36.98 32.45 32.73 0.24 
1979LW 37.37 32.79   
     
SIGMA 31.97 27.34   
     
1980EW 37.11 32.69   
1980EW 40.35 35.95 34.74 1.77 
1980EW 39.98 35.60   
     
1980LW 39.65 35.29   
1980LW 39.46 35.14 35.26 0.11 
1980LW 39.66 35.36   
     
SIGMA 31.62 27.34   
SIGMA 29.50    
SIGMA 29.70    
SIGMA 29.97    
SIGMA 30.15    
     
1981EW 38.59 36.12   
1981EW 37.30 34.87 35.40 0.68 
1981EW 37.59 35.20   
1981LW 37.56 35.22   
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YEAR RAW CORRECTED AVE STD 
1981LW 36.28 33.99 34.85 0.75 
1981LW 37.61 35.36   
     
SIGMA 29.55 27.34   
     
1982EW 35.35 31.84   
1982EW 37.37 33.70 34.61 2.00 
1982EW 39.35 35.52   
     
1982LW 34.71 30.72   
1982LW 33.50 33.09 31.84 1.27 
1982LW 36.04 31.72   
     
SIGMA 31.82 27.34   
     
1983EW 36.55 32.58   
1983EW 37.51 33.59 33.15 0.48 
1983EW 37.13 33.27   
1983LW 36.81 33.02   
1983LW 36.77 33.04 33.51 0.78 
1983LW 38.13 34.47   
     
SIGMA 30.94 27.34   
     
1984EW 39.34 34.88   
1984EW 36.35 31.78 34.42 1.57 
1984EW 38.63 33.96   
     
1984LW 37.82 33.03   
1984LW 36.82 31.92 32.57 0.56 
1984LW 37.74 32.74   
     
SIGMA 32.45 27.34   
1985EW 39.56 34.44   
1985EW 39.84 34.71 34.21 0.65 
1985EW 38.60 33.48   
     
1985LW 37.19 32.07   
1985LW 37.08 31.96 31.99 0.07 
1985LW 37.08 31.95   
SIGMA 32.47 27.34   
1986EW 37.33 32.63   
1986EW 36.53 31.88 32.02 0.61 
1986EW 36.13 31.54   
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YEAR RAW CORRECTED AVE STD 
1986LW 37.27 32.74   
1986LW 37.96 33.48 31.17 3.42 
1986LW 31.72 27.29   
     
SIGMA 31.71 27.34   
     
SIGMA 31.70    
SIGMA 31.80    
SIGMA 27.15    
     
1987EW 37.22 33.29   
1987EW 38.12 34.27 33.84 0.46 
1987EW 37.75 33.97   
     
1987LW 37.00 33.29   
1987LW 36.28 32.63 33.05 0.37 
1987LW 36.81 33.23   
     
SIGMA 30.86 27.34   
     
1988EW 37.42 33.42   
1988EW 38.12 34.05 33.89 0.48 
1988EW 38.34 34.22   
     
1988LW 36.64 32.45   
1988LW 36.92 32.67 32.42 0.23 
1988LW 36.46 32.15   
     
SIGMA 31.71 27.34   
     
1989EW 38.44 34.00   
1989EW 38.61 34.16 34.33 0.45 
1989EW 39.29 34.83   
     
1989ELW 35.99 31.53   
1989ELW 36.41 31.93 31.54 0.38 
1989ELW 35.64 31.16   
     
SIGMA 31.83 27.34   
1989LLW 36.02 31.34   
1989LLW 36.38 31.68 31.63 0.29 
1989LLW 36.60 31.88   
1990EW 38.75 34.00   
1990EW 38.39 33.62 33.77 0.19 
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YEAR RAW CORRECTED AVE STD 
1990EW 38.48 33.68   
     
SIGMA 32.16 27.34   
     
1990LW 38.68 34.20   
1990LW 37.97 33.53 33.72 0.46 
1990LW 37.83 33.44   
     
1991EW 36.95 32.60   
1991EW 37.63 33.33 33.02 0.34 
1991EW 37.38 33.12   
     
SIGMA 31.56 27.34   
     
1991LW 37.36 33.18   
1991LW 37.14 32.96 33.02 0.14 
1991LW 37.09 32.92   
     
SIGMA 31.51 27.34   
     
SIGMA 32.53    
SIGMA 32.14    
SIGMA 31.88    
     
1992EW 37.96 33.43   
1992EW 38.42 33.89 33.68 0.23 
1992EW 38.23 33.70   
     
1992LW 39.01 34.49   
1992LW 38.02 33.50 33.65 0.78 
1992LW 37.48 32.96   
     
SIGMA 31.86 27.34   
1993EW 38.19 33.46   
1993EW 38.44 33.68 33.37 0.39 
1993EW 37.68 32.97   
     
1993LW 37.79 32.97   
1993LW 37.41 32.57 32.77 0.27 
SIGMA 32.32 27.45   
SIGMA 32.24 27.34   
1994EW 38.52 33.71   
1994EW 38.50 33.70 33.82 0.18 
1994EW 38.82 34.04   
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YEAR RAW CORRECTED AVE STD 
1994LW 38.28 33.51   
1994LW 38.23 33.47 33.04 0.79 
1994LW 36.88 32.14   
     
SIGMA 32.08 27.34   
     
1995EW 37.02 32.18   
1995EW 38.67 33.82 33.23 0.92 
1995EW 38.56 33.70   
     
1995LW 37.19 32.32   
1995LW 38.91 34.03 33.57 1.10 
1995LW 39.25 34.35   
     
SIGMA 32.25 27.34   
     
1996EW 38.42 33.73   
1996EW 38.11 33.46 33.25 0.64 
1996EW 37.19 32.57   
     
1996LW 38.26 33.67   
1996LW 37.61 33.04 33.44 0.35 
1996LW 38.14 33.60   
     
SIGMA 31.85 27.34   
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APPENDIX 3: Raw and Corrected oxygen isotope values for Eglin Air Force Base, 
Florida, DN020 (1940–2004) 
 
Abbreviations: EW = Earlywood; LW = Latewood; EW + LW = Earlywood plus 
Latewood (where ring was too narrow to subdivide); AVE = Average; STD = Standard 
Deviation   
YEAR RAW CORRECTED AVERAGE STD 
     
2004EW 33.29 29.62   
2004EW 34.89 31.18 30.61 0.89 
2004EW 34.78 31.04   
     
2004LW 35.07 31.29   
2004LW 34.33 30.52 30.79 0.40 
2004LW 34.43 30.58   
     
SIGMA 31.23 27.34   
     
2003EW 35.00 31.30   
2003EW 34.51 30.83 31.32 0.48 
2003EW 35.47 31.82   
     
2003LW 33.47 29.85   
2003LW 33.67 30.07 30.05 0.17 
2003LW 33.80 30.22   
     
SIGMA 30.90 27.34   
     
2002EW 35.44 31.88   
2002EW 35.00 31.45 31.82 0.34 
2002EW 35.68 32.13   
     
2002LW 35.51 31.96   
2002LW 35.34 31.79 31.97 0.19 
2002LW 35.71 32.16   
     
SIGMA 30.89 27.34   
     
2001EW+LW 35.92 32.17   
2001EW+LW 35.16 31.38 31.75 0.38 
2001EW+LW 35.52 31.72   
     
200EW+LW 36.59 32.75   
200EW+LW 37.00 33.14 32.95 0.21 
2002EW 35.00 31.45 31.82 0.34 
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200EW+LW 36.83 32.95   
     
SIGMA 31.25 27.34   
     
1999EW+LW 37.25 33.45   
1999EW+LW 36.78 32.98 33.24 0.24 
1999EW+LW 37.07 33.29   
     
1998EW 36.48 32.71   
1998EW 36.84 33.08 32.34 0.99 
1998EW 34.97 31.23   
SIGMA 31.07 27.34   
     
1998LW 35.72 31.78   
1998LW 36.83 32.87 32.54 0.68 
1998LW 36.96 32.97   
     
1997EW 36.43 32.42   
1997EW 37.27 33.24 32.94 0.48 
1997EW 37.23 33.17   
     
SIGMA 31.43 27.34   
     
SIGMA 31.05    
SIGMA 31.01    
SIGMA 30.73    
SIGMA 30.52    
     
1997LW 34.57 31.12   
1997LW 34.95 31.47 31.16 0.28 
1997LW 34.41 30.89   
     
1996EW 34.48 30.92   
1996EW 33.63 30.04 30.60 0.48 
1996EW 34.47 30.84   
SIGMA 31.00 27.34   
     
1996LW 35.96 32.31   
1996LW 35.28 31.63 31.79 0.66 
1996LW 36.61 32.96   
     
1995EW 35.45 31.81   
1995EW 35.27 31.63 31.79 0.14 
1995EW 35.56 31.92   
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YEAR RAW CORRECTED AVE STD 
SIGMA 30.98 27.34   
     
1995LW 33.36 29.70   
1995LW 33.26 29.60 29.79 0.25 
1995LW 33.74 30.08   
     
1994EW 36.98 33.31   
1994EW 36.90 33.23 33.26 0.04 
1994EW 36.91 33.24   
     
SIGMA 31.02 27.34   
     
1994LW 35.61 31.87   
1994LW 35.69 31.94 31.98 0.15 
1994LW 35.90 32.14   
     
1993EW 37.14 33.38   
1993EW 37.34 33.57 33.44 0.11 
1993EW 37.16 33.38   
     
SIGMA 31.13 27.34   
     
1993LW 37.26 33.32   
1993LW 36.82 32.87 33.03 0.24 
1993LW 36.85 32.89   
     
1992EW 35.09 31.11   
1992EW 34.91 30.91 31.19 0.34 
1992EW 35.57 31.55   
     
SIGMA 31.38 27.34   
     
1992LW 33.90 29.87   
1992LW 34.05 30.02 30.11 0.29 
1992LW 34.46 30.43   
     
SIGMA 31.36 27.34   
     
     
SIGMA 31.00    
SIGMA 31.30    
SIGMA 31.17    
SIGMA 31.05    
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1991EW 36.54 32.77   
1991EW 36.03 32.25 32.70 0.41 
1991EW 36.85 33.06   
     
1991LW 35.35 31.56   
1991LW 35.47 31.68 31.64 0.08 
1991LW 35.50 31.70   
     
SIGMA 31.15 27.34   
     
1990EW 36.73 32.84   
1990EW 36.92 33.02 33.03 0.19 
1990EW 37.12 33.21   
     
1990LW 35.13 31.22   
1990LW 35.51 31.58 31.28 0.27 
1990LW 34.99 31.05   
     
SIGMA 31.28 27.34   
     
1989EW 37.39 33.44   
1989EW 36.35 32.40 33.06 0.57 
1989EW 37.28 33.33   
     
1989LW 35.33 31.38   
1989LW 34.30 30.35 31.03 0.59 
1989LW 35.31 31.36   
     
SIGMA 31.29 27.34   
     
1988EW 36.49 32.51   
1988EW 36.66 32.68 32.58 0.09 
1988EW 36.52 32.54   
     
1988LW 34.21 30.23   
1988LW 37.59 33.60 32.62 2.09 
1988LW 38.03 34.04   
     
SIGMA 31.33 27.34   
     
1987EW 37.49 33.48   
1987EW 37.52 33.51 33.45 0.08 
1987EW 37.36 33.35   
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1987LW 37.36 33.35   
1987LW 37.87 33.85 33.77 0.39 
1987LW 38.12 34.11   
     
SIGMA 31.36 27.34   
     
1986EW 34.95 30.93   
1986EW 35.66 31.64 31.72 0.82 
1986EW 36.60 32.58   
     
1986LW 36.02 32.00   
1986LW 35.04 31.03 32.15 1.20 
1986LW 37.44 33.42   
     
SIGMA 31.36 27.34   
     
SIRFER 33.49    
SIRFER 33.27    
     
SIGMA 30.68    
SIGMA 31.16    
SIGMA 31.22    
     
1985EW 37.00 33.12   
1985EW 36.93 33.05 33.07 0.04 
1985EW 36.92 33.04   
     
1985LW 34.75 30.88   
1985LW 35.64 31.76 31.09 0.60 
1985LW 34.50 30.62   
     
SIGMA 31.21 27.34   
     
1984EW 36.16 32.35   
1984EW 36.29 32.48 32.39 0.08 
1984EW 36.14 32.34   
     
1984LW 35.46 31.66   
1984LW 35.59 31.81 31.58 0.29 
1984LW 35.04 31.26   
     
SIGMA 31.11 27.34   
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1983EW 37.48 32.28   
1983EW 37.90 32.52 32.07 0.46 
1983EW 36.98 31.42   
     
1983LW 34.99 29.25   
1983LW 35.57 29.65 29.33 0.30 
1983LW 35.18 29.08   
     
SIGMA 33.62 27.34   
     
1982EW 36.84 31.91   
1982EW 36.41 31.64 32.13 0.52 
1982EW 37.46 32.85   
     
1982LW 35.96 31.53   
1982LW 34.65 30.38 31.24 0.74 
1982LW 35.92 31.82   
     
SIGMA 31.27 27.34   
     
1981EW+LW 37.43 33.58   
1981EW+LW 36.96 33.12 33.02 0.62 
1981EW+LW 36.19 32.36   
     
1980EW 37.10 33.28   
1980EW 37.56 33.75 33.58 0.25 
1980EW 37.51 33.71   
     
SIGMA 31.13 27.34   
     
1980LW 35.31 31.57   
1980LW 35.63 31.90 31.79 0.18 
1980LW 35.63 31.90   
     
SIGMA 31.06 27.34   
     
     
SIGMA 30.63    
SIGMA 30.42    
SIGMA 30.10    
SIGMA 30.10    
     
1979EW+LW 33.46 30.43   
1979EW+LW 32.86 29.79 30.22 0.38 
 207 
APPENDIX 3 Continued. 
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1979EW+LW 33.56 30.46   
     
1978EW+LW 35.34 32.21   
1978EW+LW 35.21 32.05 32.03 0.15 
1978EW+LW 35.04 31.84   
     
SIGMA 30.57 27.34   
     
1977 
MISSING 
RING    
     
1976EW 35.22 32.13   
1976EW 35.07 32.00 32.07 0.07 
1976EW 35.15 32.10   
     
1976LW 34.94 31.90   
1976LW 34.80 31.78 31.89 0.10 
1976LW 34.99 31.98   
     
SIGMA 30.33 27.34   
     
1975EW 35.46 32.53   
1975EW 35.72 32.80 32.59 0.19 
1975EW 35.35 32.43   
     
1975LW 35.36 32.45   
1975LW 34.92 32.02 32.22 0.22 
1975LW 35.08 32.18   
     
SIGMA 30.23 27.34   
     
1974EW+LW 36.35 33.26   
1974EW+LW 36.20 33.08 33.16 0.07 
1974EW+LW 36.29 33.15   
     
1973EW 35.76 32.60   
1973EW 35.51 32.32 32.33 0.24 
1973EW 35.28 32.07   
     
SIMGA 30.58 27.34   
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YEAR RAW CORRECTED AVE STD 
1973LW 35.57 32.31   
1973LW 34.83 31.56 31.90 0.38 
1973LW 35.10 31.83   
     
1972EW+LW 36.16 32.88   
1972EW+LW 35.53 32.25 32.84 0.56 
1972EW+LW 36.65 33.37   
     
SIGMA 30.62 27.34   
     
1971EW 36.84 33.43   
1971EW 37.70 34.28 33.89 0.44 
1971EW 37.40 33.96   
     
1971LW 34.39 30.94   
1971LW 33.61 30.14 30.51 0.39 
1971LW 33.94 30.46   
     
SIGMA 30.84 27.34   
     
NEW RUN 
10/10/2006     
     
SIRFER 32.67    
SIRFER 32.69    
     
SIGMA 30.33    
SIGMA 30.67    
SIGMA 30.82    
     
1970EW 36.39 33.04   
1970EW 35.57 32.23 32.66 0.41 
1970EW 36.05 32.72   
     
1970LW 33.88 30.57   
1970LW 32.30 29.01 30.07 0.92 
1970LW 33.91 30.64   
     
SIGMA 30.60 27.34   
     
1969EW 35.67 32.42   
1969EW 36.34 33.09 32.86 0.38 
1969EW 36.32 33.06   
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YEAR RAW CORRECTED AVE STD 
1969LW 34.20 30.95   
1969LW 34.09 30.84 30.52 0.65 
1969LW 33.02 29.77   
     
SIGMA 30.59 27.34   
     
1968EW 37.18 33.70   
1968EW 36.34 32.84 33.34 0.44 
1968EW 37.01 33.48   
     
1968LW 35.55 32.00   
1968LW 35.78 32.19 31.81 0.49 
1968LW 34.85 31.23   
     
SIGMA 30.98 27.34   
     
1967EW 37.06 33.23   
1967EW 36.68 32.83 32.94 0.23 
1967EW 36.63 32.76   
     
1967LW 34.85 30.95   
1967LW 34.95 31.03 30.86 0.21 
1967LW 34.54 30.59   
     
SIGMA 31.31 27.34   
     
1966EW 36.60 32.76   
1966EW 36.84 33.01 32.64 0.45 
1966EW 35.96 32.15   
     
1966LW 34.92 31.13   
1966LW 35.39 31.62 31.52 0.34 
1966LW 35.58 31.82   
     
SIGMA 31.08 27.34   
     
1965EW 36.83 33.19   
1965EW 35.78 32.15 32.62 0.54 
1965EW 36.13 32.52   
     
SIGMA 30.93 27.34   
SIGMA 31.52    
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YEAR RAW CORRECTED AVE STD 
New Run 
10/13/06     
     
SIGMA 29.87    
SIGMA 30.06    
SIGMA 29.80    
     
SIGMA 28.39    
     
1965LW 33.75 31.51   
1965LW 33.29 30.91 30.61 0.94 
     
1965LW 31.94 29.41   
     
1964EW 36.40 33.72   
1964EW 36.55 33.73 33.63 0.09 
1964EW 36.40 33.43   
     
SIGMA 30.46 27.34  
     
1964LW 32.40 29.64   
1964LW 33.79 31.07 30.48 0.72 
1964LW 33.41 30.74   
     
1963EW 36.72 34.09   
1963EW 35.65 33.07 33.45 0.59 
1963EW 35.73 33.19   
     
SIGMA 29.83 27.34   
     
1963LW 34.40 31.86   
1963LW 33.68 31.13 31.64 0.45 
1963LW 34.50 31.94   
     
1962EW 37.52 34.96   
1962EW 37.62 35.04 35.07 0.14 
1962EW 37.80 35.22   
     
SIGMA 29.93 27.34   
     




APPENDIX 3 Continued. 
YEAR RAW CORRECTED AVE STD 
1962LW 34.09 31.91   
1962LW 35.58 33.45 32.67 0.75 
1962LW 34.72 32.65   
     
1961EW 36.66 34.64   
1961EW 37.44 35.47 35.04 0.40 
1961EW 36.92 35.00   
     
SIGMA 29.21 27.34   
     
1961LW 34.33 32.09   
1961LW 35.16 32.86 32.38 0.43 
1961LW 34.54 32.20   
     
1960EW 34.53 32.15   
1960EW 34.53 32.10 32.25 0.26 
1960EW 34.99 32.51   
     
SIGMA 29.87 27.34   
     
1960ELW 32.71 30.12   
1960ELW 32.74 30.14 30.01 0.21 
1960ELW 32.37 29.76   
     
1960LLW 34.26 31.64   
1960LLW 34.10 31.47 31.25 0.53 
1960LLW 33.27 30.64   
     
SIGMA 29.98 27.34   
     
New run 
10/14/06     
     
SIGMA 29.33    
SIGMA 29.54    
SIGMA 29.91    
SIGMA 29.50    
     
1959EW 34.82 32.65   
1959EW 35.69 33.52 33.02 0.44 
1959EW 35.07 32.90   
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YEAR RAW CORRECTED AVE STD 
1959LW 31.54 29.37   
1959LW 32.60 30.42 29.80 0.55 
1959LW 31.78 29.61   
     
SIGMA 29.52 27.34   
     
1958EW 34.15 31.81   
1958EW 33.56 31.19 31.43 0.31 
1958EW 33.69 31.30   
     
1958LW 32.65 30.24   
1958LW 32.69 30.26 30.25 0.03 
1958LW 32.72 30.26   
     
SIGMA 29.82 27.34   
     
1957EW 34.52 32.07   
1957EW 34.70 32.25 32.02 0.26 
1957EW 34.19 31.75   
     
1957LW 32.36 29.92   
1957LW 32.72 30.28 31.47 2.38 
1957LW 36.65 34.22   
     
SIGMA 29.77 27.34   
     
1956EW 36.50 34.02   
1956EW 36.17 33.68 33.35 0.89 
1956EW 34.81 32.33   
     
1956LW 34.32 31.83   
1956LW 35.10 32.61 32.11 0.43 
1956LW 34.39 31.89   
     
SIGMA 29.85 27.34   
     
1955EW 37.76 35.26   
1955EW 37.22 34.72 34.81 0.41 
1955EW 36.96 34.46   
     
1955LW 33.58 31.08   
1955LW 34.49 31.99 31.48 0.46 
1955LW 33.85 31.36   
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YEAR RAW CORRECTED AVE STD 
SIGMA 29.84 27.34   
     
1954EW 35.90 33.61   
1954EW 35.52 33.26 33.41 0.21 
1954EW 35.56 33.35   
     
SIGMA 29.52 27.34   
     
     
NEW RUN 10/15/06    
     
SIRFER 31.51    
SIRFER 31.49    
     
SIGMA 29.84    
SIGMA 29.51    
SIGMA 29.76    
     
1954LW 35.66 33.10   
1954LW 34.67 32.09 32.71 0.54 
1954LW 35.54 32.93   
     
1953EW 37.28 34.66   
1953EW 37.67 35.03 34.40 0.78 
1953EW 36.18 33.52   
     
SIGMA 30.02 27.34   
     
1953LW 33.24 30.38   
1953LW 33.82 30.94 30.74 0.33 
1953LW 33.81 30.90   
     
1952EW 37.57 34.63   
1952EW 37.29 34.34 34.53 0.17 
1952EW 37.60 34.63   
     
SIGMA 30.34 27.34   
     
1952LW 35.27 32.41   
1952LW 35.01 32.17 32.34 0.15 
1952LW 35.25 32.43   
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YEAR RAW CORRECTED AVE STD 
1951EW 36.80 34.00   
1951EW 36.90 34.12 34.09 0.06 
1951EW 36.92 34.16   
     
SIGMA 30.08 27.34   
     
1951LW 34.58 31.73   
1951LW 34.16 31.30 31.40 0.28 
1951LW 34.05 31.17   
     
1950EW 38.03 35.14   
1950EW 37.83 34.93 35.04 0.10 
1950EW 37.96 35.05   
     
SIGMA 30.27 27.34   
     
1950LW 36.97 34.03   
1950LW 35.84 32.91 33.18 0.75 
1950LW 35.54 32.60   
  0.00   
1949EW 36.18 33.24   
1949EW 36.40 33.46 33.14 0.39 
1949EW 35.65 32.71   
     
SIGMA 30.28 27.34   
     
1949LW 34.17 31.08   
1949LW 34.23 31.12 31.33 0.40 
1949LW 34.89 31.77   
     
1948EW 37.43 34.30   
1948EW 37.33 34.18 34.20 0.07 
1948EW 37.31 34.13   
     
SIGMA 30.53 27.34   
     
     
New Run 
10/15/2006     
     
SIRFER 30.04    
SIGMA 30.26    
SIGMA 30.06    
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YEAR RAW CORRECTED AVE STD 
1948LW 33.60 30.78   
1948LW 34.11 31.27 30.86 0.37 
1948LW 33.40 30.54   
     
1947EW 36.32 33.45   
1947EW 36.48 33.60 33.69 0.31 
1947EW 36.91 34.02   
     
SIGMA 30.25 27.34   
     
1947 ELW 35.41 32.44   
1947 ELW 34.48 31.50 31.75 0.59 
1947 ELW 34.30 31.31   
     
1947LLW 35.32 32.33   
1947LLW 34.94 31.94 32.11 0.19 
1947LLW 35.08 32.07   
     
SIGMA 30.36 27.34   
     
1946EW 36.36 33.33   
1946EW 36.54 33.52 33.24 0.33 
1946EW 35.91 32.88   
     
1946LW 34.27 31.25   
1946LW 34.07 31.04 31.16 0.10 
1946LW 34.22 31.18   
     
SIGMA 30.37 27.34   
     
1945EW 36.48 33.43   
1945EW 36.69 33.64 33.59 0.14 
1945EW 36.75 33.70   
     
1945LW 34.79 31.74   
1945LW 34.71 31.66 31.61 0.16 
1945LW 34.47 31.42   
     
SIGMA 30.39 27.34   
     
1944EW 36.16 32.93   
1944EW 36.76 33.51 33.20 0.30 
1944EW 36.43 33.15   
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YEAR RAW CORRECTED AVE STD 
1944LW 33.75 30.45   
1944LW 33.95 30.61 30.84 0.14 
     
SIGMA 30.70 27.34   
     
1943EW 37.11 33.85   
1943EW 37.14 33.90 34.06 0.30 
1943EW 37.65 34.42   
     
SIGMA 29.34 26.12   
1944LW 34.67 31.47   
SIGMA 30.53 27.34   
     
     
NEW RUN 10/17/2006    
     
SIGMA 30.69    
SIGMA 30.47    
SIGMA 30.56    
SIGMA 30.27    
     
1943LW 34.19 31.33   
1943LW 33.91 31.06 31.18 0.14 
1943LW 33.99 31.15   
     
1942EW 37.22 34.39   
1942EW 36.88 34.06 34.32 0.22 
1942EW 37.30 34.49   
     
SIGMA 30.14 27.34   
     
1942LW 33.36 30.33   
1942LW 33.59 30.53 30.46 0.14 
1942LW 33.61 30.52   
     
1941EW 36.36 33.25   
1941EW 35.98 32.83 33.12 0.25 
1941EW 36.46 33.28   
     
SIGMA 30.54 27.34   
     
1941LW 34.23 30.93   
1941LW 34.61 31.29 31.13 0.19 
1941LW 34.50 31.16   
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YEAR RAW CORRECTED AVE STD 
1940EW 37.72 34.38   
1940EW 37.68 34.32 34.46 0.19 
1940EW 38.03 34.66   
     
SIGMA 30.72 27.34   
     
1940LW 34.05 30.62   
1940LW 33.87 30.43 30.62 0.19 
1940LW 34.25 30.80   
     
SIGMA 30.80 27.34   
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APPENDIX 4: Raw and Corrected oxygen isotope values for Eglin Air Force Base, 
Florida, DN003 (1707–1952) 
 
Abbreviations: EW = Earlywood; LW = Latewood; EW + LW = Earlywood plus 
Latewood (where ring was too narrow to subdivide); AVE = Average; STD = Standard 
Deviation   
YEAR RAW CORRECTED AVERAGE STD 
SIGMA 32.68    
SIGMA 32.78    
SIGMA 32.62    
     
1910EW 40.29 34.98   
1910EW 40.77 35.46 35.22 0.24 
1910EW 40.54 35.23   
     
1910LW 37.85 32.54   
1910LW 38.08 32.77 32.72 0.17 
1910LW 38.17 32.85   
     
SIGMA 32.66 27.34   
     
1909EW 39.90 34.48   
1909EW 38.98 33.55 34.05 0.47 
1909EW 39.55 34.12   
     
1909LW 38.03 32.58   
1909LW 38.48 33.02 32.72 0.25 
1909LW 38.05 32.58   
     
SIGMA 32.82 27.34   
     
1908EW 38.56 33.18   
1908EW 38.61 33.25 33.38 0.27 
1908EW 39.06 33.71   
     
1908LW 38.93 33.59   
1908LW 39.17 33.85 33.67 0.15 
1908LW 38.89 33.58   
     
SIGMA 32.63 27.34   
     
1907EW 38.90 33.55   
1907EW 39.47 34.11 33.91 0.31 
1907EW 39.42 34.06   
     
1907LW 37.64 32.27   
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YEAR RAW CORRECTED AVERAGE STD 
1907LW 36.22 30.85 31.71 0.76 
1907LW 37.38 32.00   
     
SIGMA 32.73 27.34   
     
1906EW 39.83 34.59   
1906EW 39.77 34.55 34.67 0.16 
1906EW 40.08 34.87   
     
1906LW 37.33 32.15   
1906LW 37.78 32.61 32.59 0.43 
1906LW 38.16 33.02   
     
SIGMA 32.47 27.34   
     
1905EW 38.00 31.43   
1905EW 38.23 31.48 31.49 0.25 
1905EW 38.49 31.57   
     
1905LW 37.86 30.76   
1905LW 37.29 30.01 30.18 0.35 
1905LW 37.22 29.76   
     
SIGMA 34.98 27.34   
     
     
     
New run 2/21/2007    
SIGMA 32.11    
SIGMA 32.46    
SIGMA 31.69    
     
1904EW 39.80 35.59   
1904EW 38.69 34.50 34.58 0.99 
1904EW 37.82 33.65   
     
1904LW 37.93 33.77   
1904LW 38.57 34.43 34.07 0.33 
1904LW 38.12 34.00   
     
SIGMA 31.44 27.34   
1903EW 37.81 33.58   
1903EW 37.59 33.35 33.41 0.13 
1903EW 37.56 33.31   
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YEAR RAW CORRECTED AVERAGE STD 
1903LW 37.35 33.07   
1903LW 36.58 32.30 32.70 0.38 
1903LW 37.03 32.72   
     
SIGMA 31.66 27.34   
     
1902EW 37.95 33.06   
1902EW 38.09 33.12 33.16 0.20 
1902EW 38.34 33.31   
     
1902LW 37.91 32.81   
1902LW 37.23 32.05 32.19 0.50 
1902LW 36.95 31.70   
     
SIGMA 32.66 27.34   
     
1901EW 39.63 34.01   
1901EW 40.40 34.74 34.32 0.39 
1901EW 39.90 34.21   
     
1901LW 38.41 32.67   
1901LW 39.04 33.27 32.93 0.32 
1901LW 38.65 32.84   
     
SIGMA 33.18 27.34   
     
1900EW 37.51 32.42   
1900EW 38.85 33.85 33.12 0.68 
1900EW 38.01 33.10   
     
1900LW 39.63 34.81   
1900LW 38.39 33.67 34.09 0.70 
1900LW 38.43 33.79   
     
SIGMA 31.88 27.34   
1899EW 36.44 30.86   
1899EW 36.83 31.12 30.61 0.58 
1899EW 35.69 29.85   
     
1899LW 38.43 32.46   
1899LW 38.40 32.29 32.38 0.13 
1899LW 38.63 32.40   
SIGMA 33.70 27.34   
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YEAR RAW CORRECTED AVERAGE STD 
run April 5, 2007    
     
SIGMA 27.65    
SIGMA 27.77    
SIGMA 27.72    
SIGMA 27.54    
SIGMA 27.75    
     
1898EW 34.89 34.54   
1898EW 35.00 34.65 34.66 0.13 
1898EW 35.14 34.80   
     
1898LW 31.72 31.39   
1898LW 31.42 31.09 31.23 0.15 
1898LW 31.54 31.22   
     
SIGMA 27.65 27.34   
     
1897EW 34.88 34.23   
1897EW 34.99 34.30 34.33 0.15 
1897EW 35.17 34.44   
     
1897LW 33.81 33.04   
1897LW 34.17 33.36 33.45 0.49 
1897LW 34.79 33.94   
     
SIGMA 28.23 27.34   
     
1896EW 34.83 34.07   
1896EW 34.91 34.16 34.32 0.34 
1896EW 35.46 34.73   
  0.00   
1896LW 33.17 32.46   
1896LW 34.04 33.34 32.68 0.58 
1896LW 32.93 32.25   
  0.00   
SIGMA 28.00 27.34   
     
1895EW 35.57 35.05   
1895EW 35.33 34.82 34.85 0.20 
1895EW 35.18 34.69   
1895LW 33.92 33.44   
1895LW 33.93 33.47 33.12 0.60 
1895LW 32.89 32.45   
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YEAR RAW CORRECTED AVERAGE STD 
SIGMA 27.77 27.34   
     
1894EW 36.01 35.37   
1894EW 35.09 34.43 34.82 0.48 
1894EW 35.33 34.64   
     
1894LW 33.65 32.93   
1894LW 33.99 33.25 32.89 0.37 
1894LW 33.25 32.48   
     
SIGMA 28.13 27.34   
     
1893EW 36.79 36.03   
1893EW 35.52 34.76 35.27 0.68 
1893EW 35.76 35.00   
     
1893LW 33.29 32.54   
1893LW 33.58 32.83 32.76 0.20 
1893LW 33.66 32.92   
     
SIGMA 28.08 27.34   
     
     
run April 6, 2007    
     
SIGMA 27.65    
SIGMA 28.29    
SIGMA 28.16    
SIGMA 27.87    
     
1892EW 35.17 34.51   
1892EW 35.06 34.38 34.59 0.27 
1892EW 35.57 34.87   
     
1892LW 33.92 33.21   
1892LW 33.04 32.31 32.70 0.45 
1892LW 33.32 32.58   
SIGMA 28.10 27.34   
     
1891EW 35.13 34.32   
1891EW 34.83 34.02 34.26 0.22 
1891EW 35.25 34.44   
1891LW 34.74 33.92   
1891LW 35.19 34.37 34.26 0.30 
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YEAR RAW CORRECTED AVERAGE STD 
1891LW 35.31 34.48   
     
SIGMA 28.17 27.34   
     
1890EW 35.71 34.75   
1890EW 34.74 33.76 34.86 1.17 
1890EW 37.07 36.08   
     
1890LW 34.06 33.05   
1890LW 33.87 32.84 32.83 0.21 
1890LW 33.63 32.59   
     
SIGMA 28.40 27.34   
     
1889EW 36.65 35.41   
1889EW 36.70 35.44 35.28 0.22 
1889EW 36.29 35.01   
     
1889LW 34.97 33.66   
1889LW 35.35 34.02 33.63 0.40 
1889LW 34.56 33.21   
     
SIGMA 28.72 27.34   
     
1888EW 36.08 34.67   
1888EW 35.51 34.11 34.34 0.29 
1888EW 35.66 34.25   
     
1888LW 34.36 32.95   
1888LW 33.65 32.23 32.58 0.36 
1888LW 33.97 32.55   
     
SIGMA 28.76 27.34   
     
1887EW 36.24 34.81   
1887EW 35.74 34.31 34.53 0.26 
1887EW 35.90 34.46   
     
1887LW 35.10 33.67   
1887LW 35.36 33.93 33.71 0.21 
1887LW 34.96 33.52   
     
SIGMA 28.78 27.34   
SIGMA 28.19    
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YEAR RAW CORRECTED AVERAGE STD 
SIGMA 27.28    
SIGMA 27.87    
SIGMA 27.64    
SIGMA 27.85    
     
1886EW 34.61 34.06   
1886EW 35.03 34.48 34.29 0.21 
1886EW 34.88 34.32   
     
1886LW 34.18 33.62   
1886LW 34.34 33.77 33.70 0.08 
1886LW 34.29 33.71   
     
SIGMA 27.92 27.34   
     
1885EW 34.23 33.40   
1885EW 34.46 33.60 33.51 0.13 
1885EW 34.42 33.53   
     
1885LW 33.55 32.62   
1885LW 34.26 33.30 33.09 0.44 
1885LW 34.35 33.36   
     
SIGMA 28.36 27.34   
     
1884EW 33.40 32.67   
1884EW 33.83 33.16 32.96 0.22 
1884EW 33.65 33.04   
     
SIGMA 27.89 27.34   
     
1884LW 32.59 32.20   
1884LW 32.21 31.85 31.99 0.21 
1884LW 32.25 31.93   
     
SIGMA 27.63 27.34   
1883EW 34.04 33.72   
1883EW 33.86 33.54 33.78 0.28 
1883EW 34.41 34.08   
     
1883LW 33.05 32.72   
1883LW 33.45 33.11 33.00 0.25 
1883LW 33.52 33.18   
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YEAR RAW CORRECTED AVERAGE STD 
SIGMA 27.69 27.34   
     
1882EW 33.44 32.70   
1882EW 33.99 33.20 32.95 0.28 
1882EW 33.78 32.95   
     
1882LW 33.36 32.47   
1882LW 34.39 33.45 32.75 0.61 
1882LW 33.29 32.31   
     
SIGMA 28.37 27.34   
     
1881EW 34.20 32.89   
1881EW 35.34 33.99 33.16 0.72 
1881EW 34.00 32.62   
     
1881LW 34.48 33.06   
1881LW 34.35 32.89 32.91 0.10 
1881LW 34.29 32.79   
     
SIGMA 28.87 27.34   
     
run April 8, 2007    
     
SIGMA 27.87    
SIGMA 28.84    
SIGMA 27.76    
     
1881EW 34.23 33.81   
1881EW 34.38 33.96 33.78 0.19 
1881EW 33.99 33.57   
     
1881LW 33.93 33.51   
1881LW 35.03 34.61 33.98 0.57 
1881LW 34.23 33.81   
     
SIGMA 27.76 27.34   
1880EW 33.23 32.53   
1880EW 33.28 32.54 32.50 0.05 
1880EW 33.18 32.41   
     
1880LW 33.53 32.73   
1880LW 33.75 32.91 32.96 0.29 
1880LW 34.11 33.24   
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YEAR RAW CORRECTED AVERAGE STD 
SIGMA 28.25 27.34   
     
1879EW 34.83 33.98   
1879EW 35.23 34.39 34.29 0.26 
1879EW 35.32 34.48   
     
1879LW 34.26 33.44   
1879LW 34.37 33.55 33.68 0.32 
1879LW 34.86 34.05   
     
SIGMA 28.14 27.34   
     
1878EW 34.76 33.82   
1878EW 34.78 33.82 33.99 0.31 
1878EW 35.31 34.34   
     
1878LW 34.23 33.24   
1878LW 34.54 33.53 33.24 0.29 
1878LW 33.97 32.94   
     
SIGMA 28.39 27.34   
     
1877EW 34.66 33.85   
1877EW 33.61 32.83 33.26 0.55 
1877EW 33.85 33.11   
     
1877LW 32.98 32.27   
1877LW 32.57 31.89 32.11 0.21 
1877LW 32.83 32.18   
     
SIGMA 27.96 27.34   
     
1876EW 35.44 34.48   
1876EW 35.48 34.47 34.52 0.12 
1876EW 35.66 34.61   
     
1876LW 33.77 32.68   
1876LW 33.98 32.85 32.90 0.29 
1876LW 34.35 33.18   
     
SIGMA 28.55 27.34   
SIGMA 28.92    
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YEAR RAW CORRECTED AVERAGE STD 
run April 9, 2007    
SIGMA 28.33    
SIGMA 28.61    
SIGMA 28.70    
SIGMA 28.15    
     
1875EW 35.78 34.93   
1875EW 35.80 34.94 34.96 0.04 
1875EW 35.86 35.00   
     
1875LW 35.02 34.16   
1875LW 35.05 34.18 34.20 0.06 
1875LW 35.14 34.27   
     
SIGMA 28.22 27.34   
     
1874EW 34.56 33.41   
1874EW 34.74 33.56 33.34 0.24 
1874EW 34.26 33.05   
     
1874LW 35.09 33.84   
1874LW 35.17 33.88 33.67 0.31 
1874LW 34.59 33.28   
     
SIGMA 28.69 27.34   
     
1873EW 36.36 35.32   
1873EW 36.50 35.50 35.38 0.11 
1873EW 36.29 35.32   
     
1873LW 34.61 33.68   
1873LW 34.23 33.33 33.45 0.23 
1873LW 34.21 33.35   
     
SIGMA 28.16 27.34   
     
1872EW 35.01 34.33   
1872EW 35.23 34.57 34.52 0.15 
1872EW 35.31 34.66   
     
1872LW 36.31 35.68   
1872LW 36.44 35.83 35.73 0.09 
1872LW 36.27 35.67   
SIGMA 27.92 27.34   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1871EW 34.43 33.83 33.75 0.07 
1871EW 34.28 33.68   
     
1871LW 34.57 33.97   
1871LW 34.65 34.05 33.99 0.05 
1871LW 34.55 33.95   
     
SIGMA 27.95 27.34   
     
     
run April 10, 2007    
SIGMA 27.22    
SIGMA 26.94    
SIGMA 27.33    
SIGMA 29.03    
     
1870EW 34.03 33.90   
1870EW 34.01 33.86 34.00 0.22 
1870EW 34.40 34.24   
     
1870LW 33.74 33.56   
1870LW 33.39 33.19 33.30 0.21 
1870LW 33.37 33.15   
     
SIGMA 27.57 27.34   
     
1869EW 34.49 34.21   
1869EW 33.92 33.64 33.89 0.29 
1869EW 34.10 33.82   
     
1869LW 34.39 34.10   
1869LW 34.20 33.91 33.92 0.17 
1869LW 34.06 33.75   
     
SIGMA 27.65 27.34   
     
1868EW 33.26 33.13   
1868EW 34.79 34.68 33.96 0.77 
1868EW 34.15 34.06   
     
1868LW 33.97 33.91   
1868LW 34.80 34.76 34.30 0.42 
1868LW 34.25 34.24   
SIGMA 27.33 27.34   
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YEAR RAW CORRECTED AVERAGE STD 
1867EW 33.36 33.22   
1867EW 33.85 33.69 33.54 0.30 
1867EW 33.91 33.73   
     
1867LW 30.85 30.65   
1867LW 31.04 30.82 30.93 0.37 
1867LW 31.57 31.33   
     
SIGMA 27.60 27.34   
     
1866EW 33.38 33.13   
1866EW 33.39 33.14 33.12 0.03 
1866EW 33.34 33.09   
     
1866LW 33.54 33.29   
1866LW 33.40 33.15 33.41 0.35 
1866LW 34.06 33.81   
     
SIGMA 27.59 27.34   
     
     
run April 12, 2007    
SIGMA 27.22    
SIGMA 27.24    
SIGMA 27.30    
SIGMA 27.22    
     
1952EW 33.81 33.59   
1952EW 33.02 32.76 32.98 0.50 
1952EW 32.90 32.59   
     
1952LW 34.03 33.68   
1952LW 34.41 34.02 33.79 0.20 
1952LW 34.11 33.68   
     
SIGMA 27.82 27.34   
     
1951EW 35.47 35.25   
1951EW 36.03 35.84 35.62 0.30 
1951EW 35.94 35.78   
     
1951LW     
1951LW 33.28 33.19 33.14 0.10 
1951LW 33.14 33.08   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
SIGMA 27.37 27.34   
     
1950EW 32.86 32.83   
1950EW 32.95 32.91 33.11 0.42 
1950EW 33.63 33.59   
     
1950LW     
1950LW 34.61 34.57 34.59 0.02 
1950LW 34.64 34.60   
     
SIGMA 27.38 27.34   
     
1949EW 33.84 33.61   
1949EW 34.14 33.89 33.64 0.23 
1949EW 33.70 33.42   
     
1949LW     
1949LW 33.11 32.79 32.95 0.25 
1949LW 33.46 33.12   
     
SIGMA 27.71 27.34   
     
1948EW 33.06 32.47   
1948EW 33.10 32.48 32.59 0.22 
1948EW 33.46 32.82   
     
1948LW     
1948LW 32.52 31.82 31.90 0.14 
1948LW 32.71 31.98   
     
SIGMA 28.09 27.34   
     
new run 5/9/2007    
     
SIGMA 27.31    
SIGMA 26.79    
SIGMA 27.16    
SIGMA 27.69    
     
1940EW 35.17 35.04   
1940EW 34.82 34.71 34.86 0.18 
1940EW 34.91 34.83   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1940LW 33.97 33.92   
1940LW 33.21 33.19 33.57 0.38 
1940LW 33.59 33.60   
     
SIGMA 27.31 27.34   
     
1939EW 34.24 34.34   
1939EW 34.40 34.50 34.42 0.08 
1939EW 34.31 34.42   
     
1939LW 33.85 33.97   
1939LW 33.51 33.63 34.05 0.47 
1939LW 34.43 34.56   
     
SIGMA 27.20 27.34   
     
1938EW 33.71 34.39   
1938EW 33.89 34.63 34.53 0.09 
1938EW 33.75 34.56   
     
1938LW 34.09 34.98   
1938LW 33.46 34.41 34.63 0.36 
1938LW 33.50 34.51   
     
SIGMA 26.26 27.34   
     
1853LW 33.64 34.31   
1853LW 33.90 34.49 34.44 0.19 
1853LW 34.01 34.51   
     
SIGMA 26.92 27.34   
1852EW 33.13 33.21   
1852EW 33.97 34.01 33.67 0.44 
1852EW 33.79 33.79   
     
1852LW 31.59 31.55   
1852LW 32.73 32.64 31.90 0.64 
1852LW 31.65 31.53   
     
SIGMA 27.51 27.34   
     
1851EW 35.81 35.70   
1851EW 34.31 34.20 35.00 0.76 
1851EW 35.19 35.09   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1851LW 32.93 32.84   
1851LW 33.40 33.31 33.10 0.24 
1851LW 33.24 33.16   
     
SIGMA 27.41 27.34   
new run May 10, 2007    
     
SIGMA 28.46    
SIGMA 28.16    
SIGMA 28.19    
SIGMA 28.22    
     
1865EW 33.77 33.04   
1865EW 33.56 32.84 33.01 0.16 
1865EW 33.87 33.17   
     
1865LW 34.00 33.31   
1865LW 33.73 33.06 33.06 0.26 
1865LW 33.47 32.82   
     
SIGMA 27.98 27.34   
     
1863EW 35.18 34.39   
1863EW 34.88 34.08 34.15 0.20 
1863EW 34.80 33.98   
     
1863LW 33.34 32.50   
1863LW 32.80 31.95 32.26 0.28 
1863LW 33.22 32.34   
     
SIGMA 28.23 27.34   
     
1862EW 33.91 33.00   
1862EW 33.77 32.86 32.88 0.11 
1862EW 33.69 32.78   
     
1862LW 34.42 33.51   
1862LW 33.94 33.02 33.05 0.44 
1862LW 33.54 32.62   
     
SIGMA 28.26 27.34   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1861EW 35.17 34.37   
1861EW 34.85 34.07 34.05 0.35 
1861EW 34.47 33.70   
     
1861LW 33.95 33.20   
1861LW 33.79 33.06 33.17 0.10 
1861LW 33.98 33.26   
     
SIGMA 28.04 27.34   
     
1860EW 34.82 33.91   
1860EW 34.79 33.86 33.87 0.02 
1860EW 34.79 33.83   
     
1860LW 35.10 34.12   
1860LW 35.37 34.36 34.20 0.14 
1860LW 35.16 34.13   
     
SIGMA 28.40 27.34   
     
1859EW 35.27 34.38   
1859EW 35.07 34.21 33.98 0.57 
1859EW 34.19 33.35   
     
1859LW 34.32 33.50   
1859LW 34.09 33.29 33.43 0.12 
1859LW 34.27 33.50   
     
SIGMA 28.09 27.34   
SIGMA 28.20    
     
new run  may 11, 2007    
SIGMA 28.15    
SIGMA 28.13    
SIGMA 28.03    
SIGMA 27.98    
     
1858EW 34.44 33.78   
1858EW 34.87 34.21 34.02 0.22 
1858EW 34.73 34.07   
     
1858LW 33.57 32.91   
1858LW 33.40 32.74 33.28 0.80 
1858LW 34.86 34.19   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
SIGMA 28.01 27.34   
     
1857EW 35.56 34.84   
1857EW 34.65 33.92 34.70 0.72 
1857EW 36.07 35.33   
     
1857LW 33.74 32.99   
1857LW 33.82 33.07 33.06 0.06 
1857LW 33.87 33.11   
     
SIGMA 28.11 27.34   
     
1856EW 34.33 33.55   
1856EW 35.08 34.30 33.98 0.39 
1856EW 34.87 34.09   
     
1856LW 33.69 32.91   
1856LW 33.42 32.64 32.82 0.15 
1856LW 33.68 32.90   
     
SIGMA 28.12 27.34   
     
1855EW 35.78 34.98   
1855EW 36.12 35.32 35.07 0.21 
1855EW 35.73 34.92   
     
1855LW 34.35 33.54   
1855LW 34.55 33.74 33.32 0.58 
1855LW 33.47 32.66   
     
SIGMA 28.15 27.34   
     
1854EW 35.68 34.79   
1854EW 35.67 34.76 34.87 0.16 
1854EW 35.95 35.04   
     
1854LW 34.75 33.83   
1854LW 34.56 33.63 33.83 0.21 
1854LW 34.98 34.04   
SIGMA 28.29 27.34   
     
1853EW 35.91 35.01   
1853EW 35.72 34.82 34.94 0.10 
1853EW 35.88 34.99   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
SIGMA 28.22 27.34   
     
NEW RUN MAY 15, 2007    
SIGMA 28.39    
SIGMA 28.18    
SIGMA 28.09    
SIGMA 28.20    
     
1850EW 33.96 33.08   
1850EW 34.15 33.27 33.19 0.10 
1850EW 34.08 33.20   
     
1850LW 33.52 32.64   
1850LW 34.39 33.51 33.17 0.47 
1850LW 34.24 33.35   
     
SIGMA 28.22 27.34   
     
1849EW 36.48 35.51   
1849EW 36.08 35.10 35.04 0.49 
1849EW 35.51 34.52   
     
1849LW 33.02 32.01   
1849LW 34.09 33.07 32.64 0.57 
1849LW 33.87 32.85   
     
SIGMA 28.38 27.34   
     
1848EW 34.67 33.67   
1848EW 35.10 34.10 33.95 0.24 
1848EW 35.06 34.07   
     
1848LW 34.52 33.54   
1848LW 34.31 33.33 33.41 0.12 
1848LW 34.34 33.36   
     
SIGMA 28.31 27.34   
     
1847EW 34.37 33.31   
1847EW 34.44 33.38 33.60 0.45 
1847EW 35.17 34.10   
1847LW 32.47 31.38   
1847LW 32.26 31.17 31.31 0.13 
1847LW 32.50 31.39   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
SIGMA 28.46 27.34   
     
1846EW 33.06 31.99   
1846EW 33.32 32.25 32.08 0.15 
1846EW 33.08 32.01   
     
1846LW 33.34 32.28   
1846LW 33.16 32.10 32.24 0.12 
1846LW 33.38 32.33   
     
SIGMA 28.38 27.34   
     
1845EW 36.01 34.73   
1845EW 35.91 34.61 34.55 0.19 
1845EW 35.64 34.31   
     
1845LW 34.05 32.68   
1845LW 34.05 32.66 32.61 0.08 
1845LW 33.91 32.49   
     
SIGMA 28.79 27.34   
     
NEW RUN MAY 16, 2007    
SIGMA 27.76    
SIGMA 28.12    
SIGMA 28.11    
SIGMA 28.14    
     
1844EW 34.39 33.70   
1844EW 34.62 33.94 34.12 0.52 
1844EW 35.38 34.72   
     
1844LW 34.47 33.82   
1844LW 35.02 34.39 33.89 0.47 
1844LW 34.09 33.47   
     
SIGMA 27.95 27.34   
     
1843EW 34.98 34.20   
1843EW 35.07 34.27 33.99 0.40 
1843EW 34.34 33.52   
1843LW 33.65 32.80   
1843LW 33.53 32.66 32.61 0.19 
1843LW 33.28 32.38   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
SIGMA 28.25 27.34   
     
1842EW 36.07 35.26   
1842EW 35.97 35.17 35.30 0.15 
1842EW 36.26 35.48   
     
1842LW 33.88 33.11   
1842LW 33.81 33.05 33.18 0.17 
1842LW 34.13 33.38   
     
SIGMA 28.07 27.34   
     
1841EW 35.27 34.60   
1841EW 35.51 34.86 34.66 0.17 
1841EW 35.18 34.53   
     
1841LW 33.99 33.35   
1841LW 34.50 33.86 33.58 0.26 
1841LW 34.15 33.52   
     
SIGMA 27.96 27.34   
     
1840EW 34.31 33.53   
1840EW 33.58 32.78 32.96 0.48 
1840EW 33.41 32.59   
     
1840LW 32.90 32.06   
1840LW 33.06 32.20 32.14 0.08 
1840LW 33.03 32.15   
     
SIGMA 28.24 27.34   
     
1839EW 35.55 34.65   
1839EW 35.64 34.74 34.82 0.21 
1839EW 35.96 35.06   
     
1839LW 33.81 32.91   
1839LW 34.12 33.22 33.02 0.18 
1839LW 33.82 32.92   
     
SIGMA 28.24 27.34   
NEW RUN MAY 21, 2007    
SIGMA 27.36    
SIGMA 27.41    
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
SIGMA 27.44    
SIGMA 27.16    
     
1838EW 35.34 35.41   
1838EW 35.11 35.17 35.11 0.32 
1838EW 34.71 34.75   
     
1838LW 33.77 33.79   
1838LW 33.58 33.59 33.79 0.20 
1838LW 33.97 33.97   
     
SIGMA 27.36 27.34   
     
1837EW 34.57 34.65   
1837EW 34.30 34.39 34.51 0.14 
1837EW 34.40 34.50   
     
1837LW 34.25 34.37   
1837LW 34.09 34.22 34.34 0.11 
1837LW 34.30 34.43   
     
SIGMA 27.19 27.34   
     
1836EW 33.42 33.23   
1836EW 37.87 37.64 34.59 2.64 
1836EW 33.18 32.91   
     
1836LW 33.41 33.10   
1836LW 34.05 33.70 33.46 0.35 
1836LW 34.00 33.60   
     
SIGMA 27.78 27.34   
1835EW 32.14 31.90   
1835EW 31.91 31.70 31.80 0.12 
1835EW 31.99 31.80   
     
1835LW 32.65 32.49   
1835LW 33.00 32.86 32.67 0.17 
1835LW 32.78 32.67   
     
SIGMA 27.43 27.34   
1834EW 32.69 32.45   
1834EW 32.60 32.35 32.45 0.11 
1834EW 32.82 32.55   
 239 
Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1834LW 31.20 30.91   
1834LW 31.27 30.96 30.94 0.04 
1834LW 31.28 30.95   
     
SIGMA 27.69 27.34   
     
1833EW 31.87 31.78   
1833EW 31.93 31.87 31.91 0.13 
1833EW 32.12 32.09   
     
1833LW 30.62 30.63   
1833LW 30.88 30.92 30.79 0.13 
1833LW 30.74 30.82   
     
SIGMA 27.24 27.34   
     
     
NEW RUN MAY 22, 2007    
SIGMA 27.81    
SIGMA 27.97    
SIGMA 27.76    
SIGMA 27.91    
     
1832EW 33.11 32.68   
1832EW 33.02 32.61 32.67 0.05 
1832EW 33.11 32.71   
     
1832LW 32.03 31.65   
1832LW 31.89 31.52 31.52 0.14 
1832LW 31.74 31.39   
     
SIGMA 27.67 27.34   
     
1831EW 33.99 33.62   
1831EW 33.92 33.56 33.56 0.05 
1831EW 33.88 33.51   
     
1831LW 33.06 32.69   
1831LW 32.99 32.61 32.59 0.10 
1831LW 32.87 32.48   
     
SIGMA 27.73 27.34   
1830EW 34.74 34.27   
1830EW 34.67 34.19 34.31 0.15 
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1830EW 34.96 34.47   
     
1830LW 32.44 31.94   
1830LW 32.50 31.98 32.03 0.14 
1830LW 32.69 32.17   
     
SIGMA 27.87 27.34   
     
1829EW 35.30 34.77   
1829EW 35.17 34.64 34.85 0.25 
1829EW 35.65 35.13   
     
1829LW 32.00 31.47   
1829LW 31.58 31.05 31.20 0.24 
1829LW 31.59 31.07   
     
SIGMA 27.86 27.34   
     
1828EW 36.57 36.06   
1828EW 36.53 36.03 36.02 0.05 
1828EW 36.47 35.97   
     
1828LW 33.88 33.37   
1828LW 34.36 33.86 33.80 0.39 
1828LW 34.65 34.15   
     
SIGMA 27.84 27.34   
     
1827EW 34.20 33.59   
1827EW 34.75 34.13 33.94 0.31 
1827EW 34.74 34.10   
     
1827LW 33.42 32.77   
1827LW 33.20 32.54 32.69 0.13 
1827LW 33.44 32.76   
     
SIGMA 28.03 27.34   
     
     
NEW RUN MAY 22, 2007    
SIGMA 27.73    
SIGMA 27.71    
SIGMA 27.76    
SIGMA 27.88    
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1826EW 34.18 33.67   
1826EW 34.04 33.54 33.46 0.26 
1826EW 33.68 33.18   
     
1826LW 32.76 32.26   
1826LW 32.56 32.07 32.10 0.15 
1826LW 32.47 31.98   
     
SIGMA 27.82 27.34   
     
1825EW 33.29 32.90   
1825EW 33.15 32.77 32.75 0.17 
1825EW 32.95 32.58   
     
1825LW 32.58 32.23   
1825LW 32.44 32.10 32.17 0.07 
1825LW 32.52 32.19   
     
SIGMA 27.66 27.34   
     
1824EW 33.91 33.54   
1824EW 33.92 33.53 33.58 0.09 
1824EW 34.07 33.68   
     
1824LW 32.95 32.56   
1824LW 32.97 32.56 32.68 0.22 
1824LW 33.34 32.93   
     
SIGMA 27.76 27.34   
     
1823EW 33.95 33.51   
1823EW 33.95 33.50 33.50 0.00 
1823EW 39.56 39.10   
     
1823LW 33.43 32.97   
1823LW 33.58 33.12 33.00 0.11 
1823LW 33.37 32.91   
SIGMA 27.81 27.34   
     
1822EW 33.25 32.64   
1822EW 33.33 32.70 32.68 0.05 
1822EW 33.33 32.69   
1822LW 33.28 32.62   
1822LW 33.27 32.60 32.55 0.08 
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1822LW 33.13 32.44   
     
SIGMA 28.05 27.34   
     
1821EW 35.92 35.27   
1821EW 35.46 34.81 34.73 0.60 
1821EW 34.73 34.09   
  0.00   
1821LW 31.85 31.22   
1821LW 32.23 31.61 31.41 0.19 
1821LW 32.01 31.39   
     
SIGMA 27.95 27.34   
     
NEW RUN JUNE 11, 2007    
     
SIGMA 28.15    
SIGMA 28.38    
SIGMA 28.41    
SIGMA 28.13    
     
1820EW 35.35 34.44   
1820EW 35.59 34.67 34.59 0.14 
1820EW 35.59 34.65   
     
1820LW 35.01 34.06   
1820LW 34.45 33.49 33.89 0.35 
1820LW 35.09 34.11   
     
SIGMA 28.33 27.34   
     
1819EW 37.45 36.39   
1819EW 36.97 35.90 35.96 0.38 
1819EW 36.70 35.61   
     
1819LW 33.70 32.61   
1819LW 33.71 32.61 32.63 0.04 
1819LW 33.78 32.67   
     
SIGMA 28.46 27.34   
1818EW 35.98 34.85   
1818EW 35.91 34.77 34.91 0.18 
1818EW 36.24 35.11   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1818LW 33.89 32.75   
1818LW 34.09 32.96 32.88 0.11 
1818LW 34.07 32.93   
     
SIGMA 28.48 27.34   
     
1817EW 34.84 33.77   
1817EW 35.27 34.19 34.16 0.37 
1817EW 35.57 34.51   
     
1817LW 33.76 32.70   
1817LW 33.27 32.21 32.44 0.25 
1817LW 33.46 32.40   
     
SIGMA lost 0.03   
     
1816EW 41.17 40.13   
1816EW 36.28 35.23 35.26 2.81 
1816EW 36.33 35.29   
     
1816LW 33.70 32.67   
1816LW 33.56 32.53 32.71 0.21 
1816LW 33.97 32.94   
     
SIGMA 28.36 27.34   
     
1815EW 34.06 32.91   
1815EW 34.13 32.96 32.94 0.05 
1815EW lost    
     
1815LW 43.32 42.12   
1815LW 33.70 32.48 32.74 0.37 
1815LW 34.23 33.00   
     
SIGMA 28.59 27.34   
SIGMA 28.69    
     
NEW RUN JUNE 12, 2007    
     
SIGMA 28.30    
SIGMA 28.25    
SIGMA 28.36    
SIGMA 28.25    
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1814EW 34.40 33.40   
1814EW 34.35 33.34 33.37 0.03 
1814EW 34.39 33.38   
     
1814LW 32.48 31.46   
1814LW 33.13 32.10 31.78 0.33 
1814LW 32.84 31.79   
     
SIGMA 28.40 27.34   
     
1813EW 34.32 33.34   
1813EW 34.69 33.72 33.55 0.19 
1813EW 34.55 33.59   
     
1813LW 33.78 32.83   
1813LW 33.64 32.70 32.80 0.09 
1813LW 33.81 32.88   
     
SIGMA 28.26 27.34   
     
1812EW 34.12 33.24   
1812EW 33.87 32.99 33.07 0.15 
1812EW 33.84 32.97   
     
1812LW 33.39 32.52   
1812LW 33.44 32.58 32.52 0.07 
1812LW 33.31 32.45   
     
SIGMA 28.19 27.34   
1811EW 35.00 33.98   
1811EW 34.91 33.88 33.34 1.01 
1811EW 33.21 32.16   
     
1811LW 33.92 32.85   
1811LW 34.09 33.00 33.57 1.14 
1811LW 35.97 34.86   
     
SIGMA 28.47 27.34   
     
1810EW 36.04 34.98   
1810EW 35.54 34.49 34.94 0.43 
1810EW 36.40 35.35   
1810LW 34.09 33.05   
1810LW 34.23 33.21 33.12 0.08 
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1810LW 34.12 33.10   
     
SIGMA 28.35 27.34   
     
1809EW 36.46 35.48   
1809EW 36.32 35.35 35.53 0.20 
1809EW 36.71 35.75   
     
SIGMA 28.29 27.34   
SIGMA 28.52    
SIGMA 28.40    
     
NEW RUN     
SIGMA 28.06    
SIGMA 28.35    
SIGMA 27.99    
SIGMA 28.36    
     
1809LW 35.85 34.85   
1809LW 35.78 34.79 34.77 0.10 
1809LW 35.65 34.67   
     
SIGMA 28.32 27.34   
     
1808EW 35.47 34.59   
1808EW 35.23 34.36 34.37 0.23 
1808EW 35.02 34.17   
     
1808LW 36.14 35.30   
1808LW 35.91 35.09 35.34 0.27 
1808LW 36.45 35.64   
     
SIGMA 28.14 27.34   
     
1807EW 35.43 34.78   
1807EW 35.30 34.67 34.76 0.08 
1807EW 35.44 34.83   
     
1807LW 33.67 33.08   
1807LW 33.77 33.20 33.27 0.22 
1807LW 34.10 33.55   
     
SIGMA 27.88 27.34   
1937EW 35.06 34.32   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1937EW 34.68 33.91 34.02 0.24 
1937EW 34.62 33.83   
     
1937LW 33.43 32.61   
1937LW 33.83 32.99 32.89 0.27 
1937LW 33.93 33.06   
     
SIGMA 28.23 27.34   
     
1936EW 34.05 33.14   
1936EW 34.32 33.41 33.35 0.19 
1936EW 34.41 33.49   
     
1936LW 33.95 33.04   
1936LW 34.17 33.25 33.17 0.12 
1936LW 34.14 33.22   
     
SIGMA 28.27 27.34   
SIGMA 28.58    
     
     
NEW RUN JUNE 20, 2007    
SIGMA 28.32    
SIGMA 27.73    
SIGMA 27.94    
SIGMA 27.74    
     
1806EW 35.46 34.82   
1806EW 35.01 34.35 34.40 0.36 
1806EW 34.74 34.04   
     
1806LW 31.66 30.93   
1806LW 32.12 31.36 31.12 0.23 
1806LW 31.86 31.07   
     
SIGMA 28.16 27.34   
     
1805EW 35.56 34.82   
1805EW 35.69 34.96 35.00 0.19 
1805EW 35.93 35.21   
     
1805LW 34.97 34.27   
1805LW 34.76 34.06 34.31 0.27 
1805LW 35.29 34.61   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
SIGMA 28.02 27.34   
     
1804EW 34.66 33.96   
1804EW 34.84 34.13 34.04 0.09 
1804EW 34.73 34.02   
     
1804LW 33.85 33.14   
1804LW 33.20 32.48 32.75 0.34 
1804LW 33.37 32.65   
     
SIGMA 28.06 27.34   
     
1803EW 34.65 33.95   
1803EW 34.31 33.61 33.75 0.18 
1803EW 34.39 33.69   
     
1803LW 33.14 32.45   
1803LW 33.10 32.40 32.49 0.11 
1803LW 33.30 32.61   
     
SIGMA 28.03 27.34   
     
1802EW 34.67 33.72   
1802EW 34.63 33.65 33.60 0.13 
1802EW 34.43 33.42   
     
1802LW 33.70 32.66   
1802LW 32.79 31.72 32.20 0.46 
1802LW 33.32 32.21   
     
SIGMA 28.48 27.34   
     
1801EW 34.75 33.65   
1801EW 34.42 33.32 33.45 0.17 
1801EW 34.48 33.39   
     
1801LW 35.17 34.08   
1801LW 35.16 34.07 34.10 0.04 
1801LW 35.24 34.16   
     
SIGMA 28.42 27.34   
     
New Run June 21, 2007    
SIGMA 28.49    
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
SIGMA 28.30    
SIGMA 28.73    
SIGMA 28.46    
     
1800EW 35.09 34.05   
1800EW 35.32 34.30 34.03 0.29 
1800EW 34.75 33.74   
     
1800LW 35.04 34.04   
1800LW 34.94 33.95 33.78 0.38 
1800LW 34.34 33.35   
     
SIGMA 28.31 27.34   
     
1799EW 35.14 33.90   
1799EW 35.13 33.85 33.63 0.39 
1799EW 34.46 33.14   
     
1799LW 34.83 33.48   
1799LW 35.06 33.68 33.47 0.20 
1799LW 34.67 33.25   
     
SIGMA 28.80 27.34   
     
1798EW 35.92 34.78   
1798EW 35.24 34.14 34.58 0.39 
1798EW 35.90 34.83   
     
1798LW 35.35 34.32   
1798LW 35.88 34.89 34.65 0.27 
1798LW 35.67 34.72   
     
SIGMA 28.25 27.34   
1797EW/LW 36.25 35.17   
1797EW/LW 35.87 34.76 34.92 0.20 
1797EW/LW 35.98 34.85   
     
1931LW 34.88 33.73   
1931LW 34.97 33.80 33.74 0.05 
1931LW 34.90 33.70   
     
SIGMA 28.56 27.34   
1796EW 35.55 34.26   
1796EW 36.25 34.95 34.51 0.39 
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1796EW 35.60 34.30   
     
1796LW 36.61 35.30   
1796LW 36.40 35.08 35.25 0.15 
1796LW 36.69 35.36   
     
SIGMA 28.68 27.34   
     
NEW RUN JUNE 21, 2007    
SIGMA 28.02    
SIGMA 28.03    
SIGMA 27.87    
SIGMA 27.82    
     
1795EW 35.31 34.74   
1795EW 35.95 35.37 35.16 0.38 
1795EW 35.97 35.38   
     
1795LW 34.90 34.30   
1795LW 32.28 31.67 32.49 1.56 
1795LW 32.13 31.51   
     
SIGMA 27.97 27.34   
     
1794EW 35.52 34.97   
1794EW 36.40 35.86 35.13 0.67 
1794EW 35.08 34.55   
     
1794LW 34.73 34.21   
1794LW 34.56 34.06 34.14 0.08 
1794LW 34.64 34.14   
     
SIGMA 27.82 27.34   
     
1793EW 34.95 34.41   
1793EW 34.54 34.00 34.28 0.24 
1793EW 34.98 34.43   
     
1793LW 33.41 32.85   
1793LW 33.56 32.99 32.84 0.15 
1793LW 33.26 32.69   
     
SIGMA 27.92 27.34   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1792EW 33.90 32.88   
1792EW 33.97 32.89 32.86 0.03 
1792EW 33.95 32.82   
     
1792LW 34.66 33.47   
1792LW 34.63 33.39 33.40 0.02 
1792LW 34.62 33.33   
     
SIGMA 28.69 27.34   
     
1791EW 34.56 33.47   
1791EW 34.53 33.48 33.54 0.08 
1791EW 34.69 33.66   
     
1791LW 33.64 32.65   
1791LW 33.64 32.68 32.64 0.08 
1791LW 33.50 32.58   
     
SIGMA 28.23 27.34   
     
1790EW 36.36 35.18   
1790EW 36.83 35.61 35.33 0.25 
1790EW 36.45 35.19   
     
1790LW 35.83 34.54   
1790LW 35.49 34.16 34.04 0.56 
1790LW 34.73 33.41   
     
SIGMA 28.74 27.34   
New Run June 22, 2007    
     
SIGMA 28.75    
SIGMA 28.67    
SIGMA 28.50    
SIGMA 28.92    
     
1789EW 35.47 34.01   
1789EW 35.70 34.26 34.06 0.19 
1789EW 35.32 33.89   
     
1789LW 34.44 33.03   
1789LW 34.03 32.63 32.96 0.30 
1789LW 34.60 33.22   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
SIGMA 28.70 27.34   
     
1788EW 35.07 33.72   
1788EW 35.02 33.67 33.31 0.67 
1788EW 33.90 32.54   
     
1788LW 33.69 32.34   
1788LW 33.60 32.25 32.30 0.05 
1788LW 33.67 32.32   
     
SIGMA 28.69 27.34   
     
1787EW 36.93 35.70   
1787EW 36.85 35.64 35.65 0.07 
1787EW 36.79 35.59   
     
1787LW 34.38 33.20   
1787LW 33.85 32.69 33.51 1.01 
1787LW 35.80 34.65   
     
SIGMA 28.48 27.34   
 
1786EW 36.18 35.01   
1786EW 35.63 34.45 34.74 0.28 
1786EW 35.95 34.77   
     
1786LW 33.83 32.64   
1786LW 33.83 32.64 32.84 0.35 
1786LW 34.44 33.24   
     
SIGMA 28.54 27.34   
     
1785EW 36.00 34.80   
1785EW 35.96 34.75 34.57 0.03 
1785EW 35.37 34.17   
     
1785LW 34.32 33.11   
1785LW 34.52 33.31 33.21 0.10 
1785LW 34.42 33.21   
     
SIGMA 28.55 27.34   
1784EW 36.85 35.29   
1784EW 37.30 35.70 35.32 0.35 
1784EW 36.61 34.97   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1784LW 34.74 33.05   
1784LW 34.60 32.87 33.01 0.13 
1784LW 34.87 33.10   
     
SIGMA 29.15 27.34   
     
NEW RUN JUNE 25, 2007    
SIGMA 28.93    
SIGMA 28.47    
SIGMA 28.41    
SIGMA 28.51    
     
1783EW 35.40 34.24   
1783EW 35.49 34.34 34.38 0.16 
1783EW 35.71 34.56   
     
1783LW 33.12 31.98   
1783LW 33.00 31.86 32.06 0.26 
1783LW 33.49 32.35   
     
SIGMA 28.48 27.34   
     
1782EW 36.16 34.94   
1782EW 35.80 34.57 34.77 0.18 
1782EW 36.03 34.79   
     
1782LW 32.33 31.08   
1782LW 32.56 31.30 31.28 0.21 
1782LW 32.75 31.48   
     
SIGMA 28.62 27.34   
  0.00   
1781EW 35.80 34.60   
1781EW 36.18 34.98 34.85 0.21 
1781EW 36.16 34.98   
     
1781LW 35.88 34.70   
1781LW 36.25 35.09 34.76 0.31 
1781LW 35.65 34.49   
     
SIGMA 28.49 27.34   
1935EW 34.91 33.67   
1935EW 34.63 33.38 33.49 0.15 
1935EW 34.68 33.41   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1935LW 34.59 33.32   
1935LW 34.96 33.67 33.42 0.22 
1935LW 34.56 33.27   
     
SIGMA 28.65 27.34   
     
1934EW 34.78 33.58   
1934EW 34.85 33.66 33.53 0.17 
1934EW 34.54 33.36   
     
1934LW 34.55 33.38   
1934LW 34.13 32.98 33.56 0.67 
1934LW 35.45 34.31   
     
SIGMA 28.47 27.34   
     
1933EW 35.62 34.31   
1933EW 35.64 34.31 34.17 0.23 
1933EW 35.24 33.88   
     
1933LW 34.89 33.51   
1933LW 35.17 33.77 33.78 0.29 
1933LW 35.46 34.05   
     
SIGMA 28.78 27.34   
     
NEW RUN JULY 10, 2007    
SIGMA 28.93    
SIGMA 28.77    
SIGMA 28.80    
SIGMA 28.73    
     
1780EW 35.38 34.18   
1780EW 34.90 33.71 33.90 0.26 
1780EW 34.97 33.81   
     
1780LW 35.25 34.11   
1780LW 35.02 33.90 34.05 0.13 
1780LW 35.23 34.14   
     
SIGMA 28.41 27.34   
1779EW 35.46 33.88   
1779EW 35.36 33.72 33.87 0.19 
1779EW 35.73 34.03   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1779LW 34.76 32.99   
1779LW 34.69 32.86 32.86 0.07 
1779LW 34.61 32.72   
     
SIGMA 29.30 27.34   
     
1778EW 36.18 34.56   
1778EW 35.66 34.09 34.46 0.33 
1778EW 36.27 34.74   
     
1778LW 35.31 33.82   
1778LW 35.20 33.75 33.78 0.07 
1778LW 35.17 33.77   
     
SIGMA 28.70 27.34   
     
1777EW 35.01 33.62   
1777EW 35.21 33.82 33.87 0.29 
1777EW 35.59 34.19   
     
1777LW 34.92 33.52   
1777LW 34.92 33.52 33.53 0.03 
1777LW 34.97 33.56   
     
SIGMA 28.75 27.34   
     
1776EW 33.59 32.00   
1776EW 33.99 32.38 31.98 0.40 
1776EW 33.19 31.56   
     
1776LW 33.05 31.39   
1776LW 32.98 31.30 31.46 0.22 
1776LW 33.39    
  0.00   
SIGMA 29.06 27.34   
     
1775EW 36.37 34.75   
1775EW 36.38 34.77 34.61 0.28 
1775EW 35.90 34.30   
     
1775LW 32.62 31.04   
1775LW 33.10 31.53 31.39 0.30 
1775LW 33.17 31.61   
SIGMA 28.89 27.34   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
NEW RUN JULY 11, 2007    
SIGMA 28.41    
SIGMA 28.28    
SIGMA 28.53    
SIGMA 28.42    
     
1774EW 34.10 32.98   
1774EW 34.01 32.88 32.90 0.07 
1774EW 33.99 32.85   
     
1774LW 33.86 32.72   
1774LW 34.23 33.09 32.91 0.18 
1774LW 34.08 32.93   
     
SIGMA 28.50 27.34   
     
1773EW 34.53 33.41   
1773EW 34.39 33.27 33.52 0.32 
1773EW 35.00 33.89   
     
1773LW 34.09 32.98   
1773LW 34.05 32.94 32.92 0.08 
1773LW 33.94 32.83   
     
SIGMA 28.44 27.34   
     
1772EW 35.82 34.92   
1772EW 35.81 34.94 35.01 0.12 
1772EW 36.03 35.18   
  0.00   
1772LW 34.64 33.81   
1772LW 34.87 34.07 33.98 0.12 
1772LW 34.84 34.06   
  0.00   
SIGMA 28.09 27.34   
     
1771EW 35.59 34.40   
1771EW 35.79 34.55 34.68 0.42 
1771EW 36.39 35.09   
     
1771LW 34.13 32.78   
1771LW 32.54 31.13 31.86 0.80 
1771LW 33.14 31.68   
SIGMA 28.86 27.34   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
     
1770EW 36.64 35.52 35.33 0.32 
1770EW 36.19 35.13   
     
1770LW 34.20 33.20   
1770LW 34.85 33.90 33.48 0.36 
1770LW 34.24 33.35   
     
SIGMA 28.17 27.34   
     
1932EW 34.61 33.54   
1932EW 34.94 33.83 33.77 0.24 
1932EW 35.09 33.95   
     
1932LW 34.95 33.78   
1932LW 34.56 33.36 33.54 0.20 
1932LW 34.71 33.48   
     
SIGMA 28.60 27.34   
NEW RUN JULY 12, 2007    
     
SIGMA 28.16    
SIGMA 28.32    
SIGMA 28.13    
SIGMA 28.10    
     
1769EW 35.00 34.18   
1769EW 35.21 34.37 34.36 0.18 
1769EW 35.37 34.52   
     
1769LW 33.74 32.89   
1769LW 33.69 32.83 33.02 0.28 
1769LW 34.20 33.33   
     
SIGMA 28.22 27.34   
     
1768EW 35.80 34.87   
1768EW 36.11 35.18 35.09 0.20 
1768EW 36.17 35.23   
     
1768LW 33.70 32.75   
1768LW 33.53 32.58 32.67 0.09 
1768LW 33.64 32.68   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
SIGMA 28.31 27.34   
     
1767LW 34.28 33.28   
1767LW 34.33 33.32 33.27 0.05 
1767LW 34.24 33.21   
     
SIGMA 28.37 27.34   
     
1766EW 35.78 34.75   
1766EW 35.75 34.72 34.69 0.08 
1766EW 35.63 34.60   
     
1766LW 33.21 32.18   
1766LW 33.24 32.21 32.10 0.16 
1766LW 32.94 31.91   
     
SIGMA 28.37 27.34   
     
1765EW 35.42 34.42   
1765EW 35.37 34.37 34.30 0.17 
1765EW 35.11 34.11   
     
1765LW 33.19 32.19   
1765LW 32.64 31.65 31.87 0.29 
1765LW 32.77 31.78   
     
SIGMA 28.33 27.34   
     
1764EW 34.70 33.70   
1764EW 34.94 33.94 33.85 0.13 
1764EW 34.89 33.90   
     
1764LW 34.11 33.11   
1764LW 34.11 33.11 33.21 0.17 
1764LW 34.41 33.40   
     
SIGMA 28.34 27.34   
     
1763EW 34.84 33.69   
1763EW 34.88 33.71 33.70 0.03 
1763EW 34.90 33.70   
     
     
SIGMA 28.57 27.34   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
New Run July 13, 2007    
     
SIGMA 28.30    
SIGMA 28.55    
SIGMA 28.29    
SIGMA 28.58    
     
1763LW 35.15 34.27   
1763LW 34.79 33.98 34.20 0.19 
1763LW 35.08 34.34   
     
SIGMA 28.01 27.34   
     
1762EW 34.74 33.89   
1762EW 34.36 33.49 33.67 0.19 
1762EW 34.50 33.61   
     
1762LW 32.26 31.35   
1762LW 33.00 32.07 31.76 0.39 
1762LW 32.80 31.85   
     
SIGMA 28.31 27.34   
     
1761EW 35.57 34.60   
1761EW 36.05 35.08 34.79 0.26 
1761EW 35.67 34.70   
     
1761LW 32.40 31.43   
1761LW 32.75 31.78 31.55 0.20 
1761LW 32.42 31.45   
     
SIGMA 28.31 27.34   
1760EW 34.99 34.05   
1760EW 35.31 34.38 34.27 0.18 
1760EW 35.30 34.38   
     
SIGMA 28.26 27.34   
1759EW 34.95 33.97   
1759EW 34.99 34.01 34.08 0.17 
1759EW 35.26 34.26   
     
1759LW 34.32 33.31   
1759LW 34.68 33.67 33.58 0.25 
1759LW 34.79 33.77   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
SIGMA 28.37 27.34   
     
1758EW 35.99 34.57   
1758EW 36.05 34.59 34.63 0.13 
1758EW 36.24 34.73   
     
1758LW 35.40 33.84   
1758LW 34.75 33.14 33.18 0.59 
1758LW 34.22 32.57   
     
SIGMA 29.05 27.34   
     
1757EW 36.81 35.48   
1757EW 36.57 35.32 35.41 0.13 
1757EW 36.61 35.44   
     
SIGMA 28.44 27.34   
SIGMA 28.52    
     
NEW RUN JULY 18, 2007    
SIGMA 29.65    
SIGMA 29.76    
SIGMA 29.91    
SIGMA 29.51    
     
1754EW 37.29 35.15   
1754EW 36.91 34.78 34.88 0.25 
1754EW 36.83 34.70   
     
1754LW 35.96 33.83   
1754LW 36.12 34.01 33.79 0.24 
1754LW 35.64 33.53   
     
SIGMA 29.45 27.34   
     
1753EW 37.14 35.15   
1753EW 36.77 34.80 34.94 0.20 
1753EW 36.84 34.89   
     
1753LW 34.90 32.96   
1753LW 34.42 32.49 32.71 0.25 
1753LW 34.58 32.67   
     
SIGMA 29.24 27.34   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1752EW 36.97 34.99   
1752EW 37.60 35.62 35.25 0.33 
1752EW 37.15 35.15   
  0.00   
1752LW 35.18 33.17   
1752LW 35.33 33.31 33.31 0.14 
1752LW 35.47 33.44   
  0.00   
SIGMA 29.38 27.34   
     
1751EW 37.33 35.20   
1751EW 37.33 35.18 35.18 0.02 
1751EW 37.30 35.14   
     
1751LW 35.67 33.51   
1751LW 35.69 33.51 33.58 0.13 
1751LW 35.91 33.72   
     
SIGMA 29.54 27.34   
     
1750EW 37.11 35.06   
1750EW 37.10 35.07 34.87 0.35 
1750EW 36.49 34.48   
     
1750LW 36.28 34.29   
1750LW 36.22 34.25 34.23 0.07 
1750LW 36.10 34.14   
     
SIGMA 29.27 27.34   
     
1749EW 36.03 33.17   
1749EW 36.14 33.17 33.17 0.01 
1749EW 36.27 33.18   
     
1749LW 35.69 32.48   
1749LW 36.76 33.43 32.92 0.48 
1749LW 36.27 32.84   
     
SIGMA 30.89 27.34   
     
NEW RUN JULY 24, 2007    
SIGMA 28.24    
SIGMA 28.15    
SIGMA 27.85    
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
SIGMA 27.97    
SIGMA 27.88    
SIGMA 28.16    
     
1748EW 36.01 35.14   
     
1748LW 35.70 34.83   
1748LW 35.87 34.99 34.83 0.16 
1748LW 35.55 34.67   
     
SIGMA 28.23 27.34   
     
1747EW 35.42 34.76   
1747EW 35.82 35.19 34.96 0.21 
1747EW 35.54 34.93   
     
1747LW 35.16 34.58   
1747LW 35.19 34.64 34.63 0.02 
1747LW 35.20 34.68   
     
SIGMA 27.83 27.34   
     
1746EW 34.66 33.97   
1746EW 35.02 34.30 34.26 0.29 
1746EW 35.25 34.50   
     
1746LW 34.86 34.09   
1746LW 35.56 34.76 34.27 0.43 
1746LW 34.79 33.97   
     
SIGMA 28.19 27.34   
     
1745EW 35.77 34.76   
1745EW 36.38 35.35 34.90 0.39 
1745EW 35.65 34.60   
     
1745LW 34.20 33.13   
1745LW 34.30 33.21 33.11 0.10 
1745LW 34.09 32.98   
SIGMA 28.47 27.34   
     
1744EW 35.85 34.98   
1744EW 35.80 34.97 34.84 0.27 
1744EW 35.37 34.56   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1744LW 34.34 33.57   
1744LW 34.17 33.43 33.39 0.23 
1744LW 33.88 33.18   
     
SIGMA 28.01 27.34   
     
1743EW 35.90 35.05   
1743EW 35.75 34.87 34.94 0.08 
1743EW 35.80 34.90   
     
1743LW 33.79 32.86   
1743LW 33.96 33.01 32.97 0.12 
1743LW 34.01 33.04   
     
SIGMA 28.34 27.34   
New run July 25, 2007    
     
SIGMA 27.85    
SIGMA 27.71    
SIGMA 27.82    
SIGMA 27.97    
     
1757LW 33.51 32.86   
1757LW 33.76 33.11 32.96 0.13 
1757LW 33.56 32.91   
  0.00   
SIGMA 28.00 27.34   
     
1756EW 36.91 36.24   
1756EW 36.61 35.93 36.35 0.48 
1756EW 37.54 36.87   
     
1756LW 35.43 34.75   
1756LW 35.41 34.73 34.67 0.12 
1756LW 35.22 34.54   
     
SIGMA 28.02 27.34   
     
1755EW 36.06 35.27   
1755EW 36.14 35.34 35.27 0.07 
1755EW 35.99 35.19   
1755LW 34.19 33.38   
1755LW 34.08 33.26 33.32 0.08 
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1755LW Lost    
     
SIGMA 32.63 31.80   
     
1742EW 33.54 32.70   
1742EW 33.41 32.57 32.72 0.17 
1742EW 33.75 32.89   
     
1742LW 34.76 33.90   
1742LW 33.84 32.97 33.10 0.74 
1742LW 33.29 32.42   
     
SIGMA 28.22 27.34   
     
1741EW 35.26 34.22   
1741EW 34.74 33.68 34.01 0.29 
1741EW 35.22 34.13   
     
1741LW 35.22 34.11   
1741LW 34.38 33.26 33.59 0.44 
1741LW 34.55 33.41   
     
SIGMA 28.50 27.34   
     
1740EW 35.73 34.75   
1740EW 36.15 35.19 34.86 0.30 
1740EW 35.57 34.63   
     
1740LW 34.07 33.16   
1740LW 34.09 33.20 33.16 0.06 
1740LW 33.97 33.11   
     
SIGMA 28.18 27.34   
     
1748EW 35.86 34.98   
1748EW 35.90 35.00 34.99 0.02 
     
SIGMA 28.24 27.34   
     
new run 37833.00    
SIGMA 28.52    
SIGMA 28.42    
SIGMA 28.38    
SIGMA 28.34    
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1739EW 34.84 33.90   
1739EW 35.08 34.15 34.05 0.12 
1739EW 35.00 34.08   
     
1739LW 32.04 31.13   
1739LW 31.96 31.06 31.14 0.08 
1739LW 32.12 31.24   
     
SIGMA 28.22 27.34   
     
1738EW 35.43 34.43   
1738EW 35.23 34.22 34.43 0.22 
1738EW 35.67 34.65   
     
1738LW     
1738LW 34.30 33.25 32.96 0.40 
1738LW 33.74 32.67   
     
SIGMA 28.42 27.34   
     
1737EW 34.71 33.36   
1737EW 34.25 32.86 33.27 0.38 
1737EW 35.00 33.58   
     
1737LW     
1737LW 34.66 33.17 33.41 0.37 
1737LW 35.18 33.66   
     
SIGMA 28.90 27.34   
1736EW 34.97 33.71   
1736EW 34.59 33.36 33.64 0.25 
1736EW 35.05 33.86   
     
1736LW     
1736LW 34.33 33.21 33.11 0.17 
1736LW 34.09 33.01   
     
SIGMA 28.39 27.34   
     
1735EW 37.03 35.97   
1735EW 36.44 35.38 35.71 0.30 
1735EW 36.84 35.78   
1735LW     
1735LW 35.71 34.65 34.52 0.18 
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1735LW 35.46 34.40   
     
SIGMA 28.41 27.34   
     
1734EW 35.84 34.68   
1734EW 35.60 34.43 34.54 0.12 
1734EW 35.71 34.52   
     
1734LW     
1734LW 36.16 34.95 35.02 0.11 
1734LW 36.31 35.09   
     
SIGMA 28.57 27.34   
     
New Run August 2, 2007    
SIGMA 28.07    
SIGMA 28.66    
SIGMA 28.21    
SIGMA 28.97    
     
1733EW 34.41 33.31   
1733EW 34.65 33.61 33.58 0.19 
1733EW 34.78 33.81   
     
1733LW 32.73 31.83   
1733LW 32.98 32.14 31.98 0.14 
1733LW 32.74 31.97   
     
SIGMA 28.04 27.34   
     
1732EW 35.38 34.57   
1732EW 35.69 34.86 34.64 0.20 
1732EW 35.32 34.48   
     
1732LW 31.15 30.30   
1732LW 34.47 33.61 32.36 1.80 
1732LW 34.03 33.16   
     
SIGMA 28.23 27.34   
     
1731EW 35.68 34.90   
1731EW 35.34 34.57 34.53 0.41 
1731EW 34.87 34.12   
1731LW 33.55 32.81   
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Appendix 4 continued. 
YEAR RAW CORRECTED AVERAGE STD 
1731LW 33.33 32.61 32.76 0.14 
1731LW 33.58 32.87   
     
SIGMA 28.04 27.34   
     
1730EW 35.36 34.58   
1730EW 36.59 35.79 35.04 0.65 
1730EW 35.57 34.76   
     
1730LW 33.82 33.00   
1730LW 33.56 32.72 32.86 0.13 
1730LW 33.71 32.87   
     
SIGMA 28.20 27.34   
     
1729EW 34.42 33.20   
1729EW 34.68 33.42 33.40 0.23 
1729EW 34.88 33.58   
     
1729LW 34.24 32.89   
1729LW 33.95 32.55 32.63 0.19 
1729LW 33.88 32.44   
     
SIGMA 28.83 27.34   
     
1728EW 36.38 34.90   
1728EW 36.85 35.37 35.06 0.26 
1728EW 36.40 34.93   
     
1728LW 34.38 32.90   
1728LW 34.13 32.65 32.98 0.37 
1728LW 34.86 33.39   
     
SIGMA 28.81 27.34   
     
New Run August 30. 2007    
SIGMA 28.56    
SIGMA 28.08    
SIGMA 28.29    
SIGMA 28.21    
     
1727EW 34.82 33.86   
1727EW 34.56 33.59 33.86 0.27 
1727EW 35.12 34.13   
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YEAR RAW CORRECTED AVERAGE STD 
1727LW 33.95 32.96   
1727LW 33.35 32.35 32.95 0.59 
1727LW 34.55 33.54   
     
SIGMA 28.36 27.34   
     
1726EW 34.13 33.37   
1726EW 33.74 33.01 33.26 0.21 
1726EW 34.08 33.39   
     
1726LW 34.00 33.34   
1726LW 34.34 33.72 33.53 0.17 
1726LW 34.13 33.54   
     
SIGMA 27.90 27.34   
     
1725EW 36.31 35.45   
1725EW 36.39 35.50 35.54 0.15 
1725EW 36.60 35.67   
     
1725LW 35.03 34.07   
1725LW 34.90 33.90 33.95 0.07 
1725LW 34.91 33.87   
     
SIGMA 28.41 27.34   
1724EW 37.04 36.10   
1724EW 36.38 35.46 35.65 0.41 
1724EW 36.30 35.39   
     
1724EW 33.17 32.28   
1724EW 33.80 32.93 32.61 0.32 
1724EW 33.50 32.63   
     
SIGMA 28.18 27.34   
     
1723EW 35.88 35.21   
1723EW 34.73 34.09 34.79 0.61 
1723EW 35.68 35.06   
     
1723LW 33.83 33.23   
1723LW 33.58 33.00 33.17 0.15 
1723LW 33.84 33.29   
     
SIGMA 27.87 27.34   
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YEAR RAW CORRECTED AVERAGE STD 
1722EW 36.64 35.92   
1722EW 36.70 35.95 36.03 0.18 
1722EW 36.99 36.22   
     
1722LW     
1722LW 32.43 31.61 31.87 0.38 
1722LW 32.97 32.12   
     
SIGMA 28.21 27.34   
     
NEW RUN SEPTEMBER 14, 2007   
SIGMA 28.74    
SIGMA 28.80    
SIGMA 28.68    
SIGMA 28.89    
     
1923EWLW 34.40 33.12   
1923EWLW 34.44 33.21 33.18 0.03 
1923EWLW 34.38 33.21   
     
SIGMA 28.46 27.34   
     
1922EWLW 34.48 33.46   
1922EWLW 34.16 33.16 33.50 0.34 
1922EWLW 34.85 33.87   
     
SIGMA 28.30 27.34   
     
1721EW 34.39 33.32   
1721EW 34.84 33.76 33.73 0.41 
1721EW 35.20 34.11   
     
1721LW 33.53 32.42   
1721LW 33.46 32.34 32.55 0.31 
1721LW 34.03 32.90   
     
SIGMA 28.49 27.34   
1720EW 34.79 33.47   
1720EW 35.44 34.09 33.98 0.49 
1720EW 35.75 34.38   
     
1720LW 32.86 31.46   
1720LW 33.15 31.73 31.54 0.16 
1720LW 32.88 31.44   
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YEAR RAW CORRECTED AVERAGE STD 
SIGMA 28.80 27.34   
     
1719EW 35.02 33.78   
1719EW 35.36 34.14 33.98 0.17 
1719EW 35.20 34.02   
     
1719LW 32.46 31.30   
1719LW 32.34 31.21 31.29 0.08 
1719LW 32.48 31.37   
     
SIGMA 28.42 27.34   
     
1718EW 35.99 34.76   
1718EW 35.60 34.35 34.46 0.25 
1718EW 35.52 34.25   
     
1718LW 33.75 32.47   
1718LW 34.01 32.71 32.78 0.36 
1718LW 34.47 33.15   
     
SIGMA 28.68 27.34   
     
1717EW 36.43 34.89   
1717EW 35.91 34.33 34.70 0.32 
1717EW 36.51 34.88   
     
SIGMA 29.01 27.34   
     
NEW RUN SEPTEMBER 15, 2007   
SIGMA 28.60    
SIGMA 28.58    
SIGMA 28.31    
SIGMA 28.42    
     
1717LW 34.80 33.64   
1717LW 34.40 33.22 33.44 0.21 
1717LW 34.66 33.47   
     
SIGMA 28.55 27.34   
     
1716EW 34.19 32.93   
1716EW 34.62 33.36 33.26 0.31 
1716EW 34.78 33.51   
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YEAR RAW CORRECTED AVERAGE STD 
1716LW 33.21 31.93   
1716LW 33.75 32.46 32.11 0.30 
1716LW 33.23 31.94   
     
SIGMA 28.64 27.34   
     
1715EW 34.99 33.89   
1715EW 35.51 34.43 34.39 0.46 
1715EW 35.90 34.85   
     
1715LW 33.85 32.83   
1715LW 33.63 32.62 32.77 0.12 
1715LW 33.82 32.85   
     
SIGMA 28.29 27.34   
     
1714EW 37.60 36.47   
1714EW 37.81 36.67 37.31 1.30 
1714EW 39.94 38.78   
     
1714LW 34.73 33.54   
1714LW 34.17 32.97 33.37 0.35 
1714LW 34.83 33.60   
     
SIGMA 28.59 27.34   
     
1713EW 35.31 34.03   
1713EW 35.45 34.17 34.19 0.17 
1713EW 35.64 34.36   
     
1713LW 34.01 32.73   
1713LW 33.82 32.54 32.62 0.10 
1713LW 33.88 32.59   
     
SIGMA 28.63 27.34   
     
1712EW 35.28 34.09   
1712EW 35.49 34.31 34.34 0.26 
1712EW 35.80 34.63   
     
1712LW 32.57 31.41   
1712LW 33.28 32.13 31.84 0.37 
1712LW 33.11 31.98   
SIGMA 28.46 27.34   
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YEAR RAW CORRECTED AVERAGE STD 
NEW RUN     
SIGMA 28.12    
SIGMA 28.17    
     
1711EW 35.87 35.00   
1711EW 35.50 34.62 34.77 0.19 
1711EW 35.59 34.70   
     
1711LW 32.32 31.42   
1711LW 32.30 31.40 31.73 0.57 
1711LW 33.29 32.38   
     
SIGMA 28.25 27.34   
     
1710EW 34.38 33.34   
1710EW 34.71 33.65 33.44 0.18 
1710EW 34.40 33.33   
     
1710LW 32.86 31.77   
1710LW 32.91 31.81 31.68 0.18 
1710LW 32.58 31.46   
     
SIGMA 28.48 27.34   
     
1709EW 35.74 34.87   
1709EW 36.10 35.26 35.00 0.23 
1709EW 35.67 34.87   
     
1709LW 35.01 34.24   
1709LW 35.75 35.01 34.51 0.43 
1709LW 34.98 34.28   
     
SIGMA 28.01 27.34   
     
1708EW 35.77 35.11   
1708EW 36.45 35.80 35.52 0.36 
1708EW 36.28 35.63   
     
1708LW 34.63 33.98   
1708LW 34.94 34.30 33.93 0.39 
1708LW 34.16 33.52   
     
SIGMA 27.98 27.34   
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YEAR RAW CORRECTED AVERAGE STD 
1707EW 35.54 34.50   
1707EW 36.18 35.09 34.82 0.33 
1707EW 36.01 34.88   
     
1707LW 33.91 32.73   
1707LW 34.35 33.12 32.89 0.22 
1707LW 34.12 32.83   
     
SIGMA 28.67 27.34   
     
     
NEW RUN AUGUST 31    
SIGMA 28.23    
SIGMA 29.39    
SIGMA 28.08    
SIGMA 28.29    
     
1931EW 35.05 33.94   
1931EW 34.93 33.79 33.88 0.09 
1931EW 35.11 33.93   
     
SIGMA 28.56 27.34   
     
1930EWLW 35.31 34.36   
1930EWLW 35.28 34.38 34.40 0.02 
1930EWLW 35.31 34.46   
     
SIGMA 28.13 27.34   
     
1929EW 34.32 33.59   
1929EW 34.08 33.36 33.41 0.17 
1929EW 33.99 33.28   
     
1929LW 35.12 34.41   
1929LW 35.11 34.41 34.26 0.27 
1929LW 34.65 33.96   
     
SIGMA 28.02 27.34   
     
1928EWLW 34.70 34.05   
1928EWLW 34.43 33.79 33.81 0.24 
1928EWLW 34.22 33.59   
     
SIGMA 27.96 27.34   
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YEAR RAW CORRECTED AVERAGE STD 
1927EW 34.49 33.80   
1927EW 34.27 33.56 33.75 0.17 
1927EW 34.61 33.89   
     
1927LW 35.16 34.42 34.42  
     
SIGMA 28.09 27.34   
     
1926EW 34.32 33.45   
1926EW 34.20 33.32 33.43 0.11 
1926EW 34.42 33.52   
     
1926LW 35.69 34.77   
1926LW 34.56 33.63 34.00 0.65 
1926LW 34.56 33.61   
     
SIGMA 28.30 27.34   
     
1925EWLW 34.93 33.98   
1925EWLW 35.90 34.96 34.41 0.50 
1925EWLW 35.22 34.29   
     
SIGMA 28.27 27.34   
     
1924EWLW 33.77 32.65   
1924EWLW 34.07 32.91 32.71 0.18 
1924EWLW 33.76 32.57   
     
SIGMA 28.57 27.34   
     
NEW RUN SEPTEMBER 17, 2007   
SIGMA 27.64    
SIGMA 28.24    
SIGMA 28.32    
SIGMA 28.88    
     
1921ELW 34.97 33.64   
1921ELW 34.44 33.13 33.30 0.32 
1921ELW 34.41 33.12   
     
1920EWLW 33.51 32.25   
1920EWLW 34.42 33.19 32.52 0.59 
1920EWLW 33.32 32.11   
SIGMA 28.53 27.34   
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YEAR RAW CORRECTED AVERAGE STD 
1919EWLW 35.06 33.85   
1919EWLW 34.73 33.51 33.65 0.17 
1919EWLW 34.81 33.59   
     
1918EWLW 37.17 35.95   
1918EWLW 35.06 33.83 34.53 1.22 
1918EWLW 35.05 33.82   
     
SIGMA 28.57 27.34   
     
1917EWLW 36.03 34.73   
1917EWLW 36.07 34.75 34.90 0.28 
1917EWLW 36.53 35.21   
     
1916EW 35.10 33.77   
1916EW 35.20 33.86 34.01 0.33 
1916EW 35.72 34.38   
     
SIGMA 28.69 27.34   
     
1916LW 35.30 34.06   
1916LW 35.97 34.75 34.11 0.62 
1916LW 34.73 33.52   
     
1915EW 34.95 33.76   
1915EW 35.26 34.08 33.86 0.19 
1915EW 34.90 33.73   
     
SIGMA 28.49 27.34   
     
1915LW 34.12 32.88   
1915LW 34.12 32.87 33.12 0.45 
1915LW 34.89 33.62   
     
SIGMA 28.63 27.34   
     
new run may 8, 2007    
SIGMA 28.05    
     
1946EW 33.79 33.29   
1946EW 33.17 32.70 33.00 0.44 
1946EW     
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YEAR RAW CORRECTED AVERAGE STD 
1946LW 33.86 33.45   
1946LW 34.24 33.86 33.14 0.93 
1946LW 32.48 32.12   
     
SIGMA 27.67 27.34   
     
1945EW 33.48 33.28   
1945EW 33.58 33.39 34.04 1.20 
1945EW 35.61 35.44   
     
1945LW     
1945LW 33.63 33.49 33.37 0.19 
1945LW 33.37 33.24   
     
SIGMA 27.45 27.34   
     
1944EW 34.66 34.41   
1944EW 34.90 34.63 34.47 0.14 
1944EW 34.65 34.37   
     
1944LW 34.02 33.73   
1944LW 33.78 33.48 33.65 0.15 
1944LW 34.06 33.75   
     
1943EW 34.82 34.50 34.64 0.21 
1943EW 35.12 34.79   
     
1943LW 37.49 37.14   
1943LW 34.56 34.20 35.87 1.51 
1943LW 36.64 36.27   
     
SIGMA 27.72 27.34   
1942EW 34.81 34.48   
1942EW 34.30 33.97 34.23 0.36 
     
1942LW 37.61 37.28 37.28  
     
1941EW 37.89 37.56   
1941EW 34.24 33.91 34.30 1.92 
1941EW 35.02 34.69   
     
1941LW 34.40 34.07   
1941LW 34.54 34.21 34.45 0.54 
1941LW 35.39 35.06   
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YEAR RAW CORRECTED AVERAGE STD 
SIGMA     
     
SIGMA 29.12    
     
1914EW 35.91 34.35   
1914EW 38.24 36.71 35.16 1.35 
1914EW 35.90 34.41   
     
1914LW 35.66 34.19   
1914LW 35.76 34.32 34.19 0.15 
1914LW 35.47 34.05   
     
SIGMA 28.72 27.34   
     
1913EW 37.47 36.10   
1913EW 36.85 35.48 35.90 0.36 
1913EW 37.49 36.12   
     
1913LW 35.33 33.96   
1913LW 36.27 34.90 34.49 0.48 
1913LW 35.98 34.61   
     
SIGMA 28.70 27.34   
     
1912EW 34.54 33.06   
1912EW 34.61 33.12 33.24 0.26 
1912EW 35.03 33.52   
     
1912LW 33.54 32.02   
1912LW   32.78 1.09 
1912LW 35.07 33.53   
     
SIGMA 28.90 27.34   
     
1911EW 36.32 34.60   
1911EW 36.38 34.64 34.44 0.29 
1911EW 35.84 34.08   
     
1911LW 34.59 32.81   
1911LW 34.73 32.92 33.00 0.26 
1911LW 35.09 33.27   
SIGMA 29.18 27.34   
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Tree-ring studies provide a uniquely high-resolution, precisely dated record of climate 
change.  The oxygen isotope composition of α-cellulose in tree rings may provide a 
proxy for examining precipitation source and variability, and other long-term climate 
trends and parameters.  Here, I examined the potential of oxygen isotopes in tree-ring α-
cellulose to record changes in precipitation activity associated with the North American 
Monsoon at a site within El Malpais National Monument, New Mexico.  The NAM is the 
dominant climatological feature in the southwestern US summer and delivers more than 
half of the annual rainfall in the area.  Previous studies have suggested that precipitation 
sources for the NAM may change on long-term scales. The oxygen isotope time series 
presented here reveals a shift in δ18O values in both the earlywood and latewood. This 
shift is coincident with a phase change in the Pacific Decadal Oscillation. I hypothesize 
this shift is related to a change in precipitation source associated with the phase change in 
the PDO. This study demonstrates the potential to record shifts in climate modes and the 
potential exists to extend the tree-ring oxygen isotope record back centuries.
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Introduction 
The development of high-resolution geological proxies is key to understanding 
long-term climate phenomena such as the El Nino-Southern Oscillation (ENSO) or the 
Pacific Decadal Oscillation (PDO).  Tree-ring studies of fire history, precipitation 
reconstructions, and carbon isotopes have been widely applied in climate studies. Recent 
developments have allowed for analysis of oxygen isotopes from tree-ring α-cellulose 
(Loader et al., 1997; Saurer et al., 1997; Roden et al., 2000) and recent studies have 
shown the potential for using oxygen isotopes of α-cellulose from tree rings as a proxy 
for temperature, precipitation, and hurricane activity (Sternberg, 1989; Anderson et al., 
2002; Robertson et al., 2001; Miller, 2005; Miller et al., 2006).  Therefore, the oxygen 
isotope composition of α-cellulose in tree rings may provide a high-resolution, dateable 
proxy for examining precipitation source, variability, and other long-term climate trends 
(ENSO, PDO). 
 The southwestern United States, especially Arizona and New Mexico, is 
dominated by a phenomenon known as the North American Monsoon System (NAMS).  
The NAMS is a result of large-scale atmospheric circulation caused by complex ocean-
atmosphere-land interactions.  In the southwestern US, the monsoon season begins in 
early July, extends into September, and is responsible for more than half of the area’s 
annual precipitation.   However, the monsoon system has been known to occasionally  
“fail”(or, poorly develop), causing severe drought in the southwestern United States. 
Recent studies using Sea Surface Temperature (SST) data suggest that SST may 
be a factor responsible for the variability of the NAMS (Gao et al., 2003).  It is also 
known that NAMS shows significant correlations to ENSO and possibly the PDO (Gao et 
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al., 2003).  These changes in SST, which produce changes in these long-term climate 
trends, should theoretically be recorded in the oxygen isotopes in tree rings.  A change in 
SST will change the initial 18O composition of the water vapor, thus changing the 18O 
composition of the precipitation signal recorded in the tree ring α-cellulose.   In this 
study, we propose to investigate the potential of oxygen isotopes of tree-ring α-cellulose 
to examine the temporal stability of the NAMS and how this stability is possibly affected 
by changes in such climate phenomena as ENSO and PDO.  
The NAMS is the main source of precipitation for the southwestern US, providing 
rainfall that is crucial to this semi-arid region.  With the population of this area 
exponentially growing, the stress on water supply grows as well.  The importance of 
understanding the development and factors that control the NAMS cannot be overstated.   
The prediction of the NAMS precipitation has become increasingly important to several 
agencies (NOAA, NASA, and NSF-the North American Monsoon Experiment) and 
forward modeling of the NAMS would be greatly improved by a more complete 
understanding of past activity.  It therefore becomes necessary to develop proxies that 
may yield a record of how NAMS has worked in the past. 
The use of oxygen isotopes from tree-ring α-cellulose potentially provides a 
relatively new paleoclimate proxy for understanding variability of the NAMS.  The 
results obtained in this study may serve as a basis for the development of models to 
predict future monsoon activity.  It may also provide new insights into the overall climate 
variability of the southwestern US. 
The project has important implications for populations of the southwestern US.  
The monsoon brings over half of the annual precipitation, and they depend on this for a 
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water source.  There is also the potential to shed light on past populations (i.e. Anasazi), 
who were dependent on monsoon stability for floodwater farming (Cordell and 
Gumerman, 1989).  Finally, this project may clarify effects of the monsoon on natural 
disturbances, for example the frequency of wildfires that are an important component of 
forest ecosystems in the southwestern US.   
Site Description  
El Malpais National Monument and Conservation Area is located in Grants, New 
Mexico and was established by the National Park System in 1987. It encompasses 
114,277 acres and is known for its complex volcanic features such as lava flows, lava 
tubes, and cinder cones.  The daily average temperatures range form -7°C (winter lows) 
to 35°C (summer highs). The average annual rainfall for New Mexico is 340mm with 
precipitation maxima typically occurring from July to September.  The monsoon season 
begins here in early July and extends into September corresponding to the precipitation 
maxima. The samples were collected here in 1992, and the sample chosen for analysis 
comes from the area known as “Lost Woman” (LWN). 
Methods 
 
The trees (ponderosa pine) used in this study were collected from EMNM 
between 1990-1995 by Dr. Henri Grissino-Mayer, who dated the samples using standard 
dendrochronological techniques and used the Ring Width Index (RWI) to create a 2,129 -
year reconstruction of precipitation. The samples were then archived at the University of 
Arizona Laboratory of Tree-Ring Research, until selected. The samples were brought to 
the University of Tennessee for analysis in January 2003. 
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The tree rings were removed in bi-annual segments of earlywood (EW) and 
latewood (LW) using a surgical scalpel.  The earlywood (~March to July-August) is 
identifiable by its lighter color wood, while the latewood (~July/August-October) has a 
darker color with more densely packed cells.  The EW and LW segments were separated 
because the EW represents precipitation from winter/spring/summer and the LW 
represents a pure monsoon signal.   Starting with 1992EW, the rings were systematically 
removed back to 1963.  The shavings (~30µm) were placed into sample vials until ready 
for processing. 
 The ASE 300(Accelerated Solvent Extractor) was used to extract any resins 
within the tree ring shavings. Pine resins extracted were discarded and the shavings were 
placed back into sample vials. The α-cellulose extraction process followed the methods 
of Green (1963) with later modifications by Loader et al., (1997) for small batch 
processing.   
The oxygen isotope analysis was carried out on a Finnigan High Temperature 
Conversion/Elemental Analyzer (TC/EA) interfaced with a Finnigan Delta XL Plus mass 
spectrometer located at the University of Tennessee, Knoxville. The samples were 
systematically combusted and the 18O/16O ratios are measured.  An internal standard was 
used (Sigma Cellulose C-8002) with an oxygen isotope (δ18O) value of 27.34±0.33‰ 
relative to VSMOW.  
Results and Discussion 
The oxygen isotope analysis revealed δ18O values ranging from ~33-37‰ for the 
earlywood and ~33-38‰ for the latewood (Figures A51, A52).  In general, the latewood 
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samples are 0.5 to 2‰ heavier than the earlywood. Inter-annual trends are also observed, 
in particular, the average δ18O values are ~2‰ heavier after the mid-1970’s.   
 The earlywood and latewood δ18O values were plotted against precipitation and 
showed no significant correlation.  I then averaged the δ18O values (earlywood and 
latewood) together and plotted them against annual temperature. Again no significant 
correlations were found.  
Climatic phenomena such as the El Nino-Southern Oscillation (ENSO) and the 
Pacific Decadal Oscillation are known to influence winter time temperatures and 
precipitation in the American Southwest (Sheppard et al., 2002). Also, during a positive 
PDO, ENSO is stronger and vice versa. The relationship between ENSO and the NAMS 
is not yet understood, but it seems that strong ENSO years brings more rain to Arizona 
and New Mexico (Sheppard et al., 2002).  However, a recent study by Higgins and Shi 
(2000) suggests that these phenomena (ENSO, PDO) are responsible for the interannual 
variability of the NAMS in the form of “memory” from SST and soil moisture.   
 In 1977, The PDO shifted from a cool phase to a warm phase (Minobe, 1997; 
Hare and Mantua, 2000; Mantua and Hare, 2002), a shift that has been recorded from 
many proxies (i.e. Tree-ring width, Coral). When examining the data presented here, it is 
noted that the average δ18O values are more enriched in 18O beginning in the mid 1970s.  
This shift in values is coincident with the PDO shift; the cool phase of the PDO being 
represented by more depleted 18O values and the warm phase by more enriched 18O 
values. If the data presented here are indeed tracking the PDO (and possibly ENSO), it 
may be possible to further develop this as a new proxy for understanding these long- term 



















































Figure A51- δ18O values of earlywood tree-ring cellulose. Note the ~2 per mil shift 
in values that occurred around 1977: I hypothesize it to be related to changes in the 
Pacific Decadal Oscillation.  
Figure A52- δ18O values of latewood tree-ring cellulose. Note the ~2 per mil shift 
in values that occurred around 1977: I hypothesize it to be related to changes in the 
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